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“Vielfach sind allerdings Versuche unternommen worden, umfür verschiedene Ma-
terialien die Menge und Leuchtkraft des aus der Gewichtseinheit erzeugbaren Gases
kennen zu lernen, es ist von einzelnen Forschern auch die Zusammensetzung der er-
haltenen Gase untersucht worden, aber es fehlt an Versuchen, welche alle Zersetzungs-
producte in den Kreis ihrer Aufgaben einbeziehen, sie quantitativ bestimmen und damit
ein vollständiges Bild des Vorganges gewähren.”
Fritz Haber,Experimental-Untersuchungen über die Zersetzung und Verbrennung von
Kohlenwasserstoffen, 1896, Habilitationsschrift, Technische Hochschule Karlsruhe



Zusammenfassung

Seit dem Beginn der Industrialisierung Ende des neunzehnten Jahrhunderts ist Methan
sowohl für die Energieerzeugung als auch bei der chemischenSynthese von zentraler
Bedeutung. Die Erschließung neuer Erdgasvorkommen sowie geostrategische Interes-
sen befeuern gegenwärtig Bestrebungen Erdgas als Rohstoffersatz für Eröl einzusetzen.

In der vorliegenden Dissertation wird Methanoxidation in der Gasphase unter in-
dustrienahen Bedingungen untersucht, d.h. bei hohen Temperaturen und Drücken. An-
lass dazu gibt das Bestreben, die Wechselwirkung von homogenen und heterogenen
Reaktionen modellieren zu können, was wiederum von der Vorhersagegenauigkeit des
verwendeten kinetischen Reaktionsmechanismus abhängt. Die durchgeführten Experi-
mente zielen darauf ab, der Fachliteratur entnommene Reaktionsmechanismen zu be-
urteilen, insbesondere in Hinblick auf die oxidative Kopplung von Methan (im Engli-
schen Oxidative Coupling of Methane, OCM). Der grundlegende Ansatz besteht darin,
Reaktionsprofile zu messen und mit kinetischen numerischenSimulationen zu verglei-
chen. Von zentraler Bedeutung ist hierbei der von der Arbeitsgruppe entwickelte Pro-
filreaktor. Da die Gasphasen-Methanoxidation über Radikal-Kettenreaktionen abläuft,
liegt ein Schwerpunkt dieser Arbeit auf (i) der Entwicklungeiner optischen Sonde
zur Detektion transienter Spezies mittels Laser-Induzierter Fluoreszenz (LIF), sowie
(ii) der Modellierung des Reaktors unter Zuhilfenahme kinetischer numerischer Simu-
lationen, um die verwendeten Reaktionsmechanismen zu testen, die experimentellen
Ergebnisse zu interpretieren und die Reaktionspfade nachzuvollziehen.

Eine neuartige Methodik wurde entwickelt, welche LIF Messungen durch eine op-
tische Faser erlaubt und somit Zugang zu sonst optisch unzugänglichen Systemen ge-
währt. Auf diese Weise ist es nun möglich transiente Speziesnachzuweisen, welche
bislang nicht detektierbar waren. Im Zuge der Arbeit wurdenverschiedene Sonden-
geometrien erprobt und die Methodik sowohl an Hydroxyl Radikalen (OH) als auch
Formaldehyd (CH2O) demonstriert. Außerdem wurde Schwingungs-Raman Thermo-
metrie durch eine optische Faser erprobt, jedoch mangels eines geeigneten Markermo-
leküls nicht weiter verfolgt.

Die oxidative Kopplung von Methan in der Gasphase bei einem CH4/O2 Verhält-
nis von 8 wurde in einem Hochdruck-Durchflussreaktor untersucht. Dabei wurden die
gemessenen Reaktionsprofile mit numerischen Strömungssimulationen (im Englischen
Computational Fluid Dynamics, CFD), basierend auf einem geeigneten Reaktionsme-
chanismus, verglichen. Es stellt sich heraus, dass die Übereinstimmung in Bezug auf
die Primärprodukte zufriedenstellend ist, jedoch wird insbesondere die Entstehung der
C2 Spezies weniger gut vorhergesagt. Auf Basis der Simulationen wurde eine Reak-
tionspfadanalyse durchgeführt, welche hilfreich fü der Entwicklung effizienterer Pro-
zesse sein kann.

Um die Detektierbarkeit von OH Radikalen unter fetten Bedingungen (Methan-
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überschuss) zu eruieren, wurden Experimente durchgeführt, bei denen die Reaktion
an einem Platinnetz verankert wurde. Unter mageren Bedingungen (Sauerstoffüber-
schuss,φ = 0.5) ist die Detektion von OH ohne weiteres möglich, wobei OH unter die-
sen Bedingungen als Quasi-Gleichgewichtsprodukt vorliegt und hauptsächlich in der
post-Reaktionszone aufzufinden ist. Unter fetten Bedingungen (φ = 2.0) konnte hinge-
gen kein OH detektiert werden, da die Konzentrationen unterhalb der Detektionsgrenze
(∼1 ppm) zu liegen scheinen. Somit ist die Detektion bei fetteren Gemischen, wobei
noch geringere Konzentrationen zu erwarten sind, unwahrscheinlich. Die experimen-
tellen Daten beider Bedingungen wurden mit Gasphasen-Simulationen verglichen und
der katalytische Einfluss auf die Reaktion aufgezeigt.

In Bezug auf die Detektion von OH Radikalen kann geschlussfolgert werden, dass
die Sensitivität von (durch eine optische Faser gemessener) LIF nicht ausreicht, um
Konzentrationsprofile unter industriellen Bedingungen zumessen. Andere (spektro-
skopische) Methoden sind erforderlich, um OH in fetten Gemischen nachzuweisen.

Es konnte gezeigt werden, dass kinetische Simulationen einwertvolles Hilfsmittel
für die Interpretation experimenteller Ergebnisse darstellen. Die kinetischen Simula-
tionen sind komplex und gleichzeitig Rechenzeit-intensiv, so dass es notwendig ist,
einen Kompromiss zwischen der Komplexität des verwendetenReaktormodells und
dem Umfang des chemischen Mechanismus zu finden. Trotz jahrzehntelanger Bemü-
hungen scheint es keinen universellen Mechanismus zu geben, der in allen stöchiome-
trischen Regimes exakte Vorhersagen liefert. Diese Beobachtung ist von Bedeutung für
die Entwicklung eines Modells für die Kopplung homogener und heterogener Reaktio-
nen. Nahe der Katalysatoroberfläche, d.h. in der katalytischen Grenzschicht, können
die partiellen Drücke stark von der globalen Stöchiometrieabweichen, was wiederum
Auswirkungen auf die Aussagekraft des Mechanismus haben kann.

Abstract

Methane conversion with respect to energy production as well as for chemical syn-
thesis has been of perpetual importance since the dawn of theindustrialization at the
end of the nineteenth century. The interest in natural gas asan alternative feedstock
to crude oil is currently boosted by the exploitation of newly available resources and
geostrategical considerations.

In this thesis kinetics of gas-phase methane oxidation is investigated under indus-
trially relevant conditions, namely high temperature and pressures. The work is moti-
vated by the vision to build a model for homogeneous-heterogeneous coupling which
crucially depends on the accuracy of the gas-phase kinetic mechanism. With this inten-
tion, experiments are performed to evaluate the performance of state-of-the-art kinetic
mechanisms taken from literature, in particular with respect to oxidative coupling of
methane (OCM). The key-approach is based on species profile measurements in con-
junction with kinetic numerical simulations. The kinetic profile reactor, which had been
developed by our group, is central to these investigation. Gas-phase methane oxidation
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involves radical chain reactions and therefore the work focuses on (i) the development
of a fiber-optic probe to measure transient species using laser-induced fluorescence
(LIF) spectroscopy and (ii) the use of reactor models and kinetic numerical simula-
tions in order to prove the accuracy of the applied kinetic mechanism, interpret the
experimental results, and unravel the underlying chemistry.

A novel technique was developed which permits LIF measurements through an
optical-fiber in otherwise optically inaccessible systems. This allows to measure tran-
sient species in the profile reactor which were previously not detectable. Different
fiber-optic probe geometries were developed and applied fordetection of hydroxyl rad-
icals (OH) and formaldehyde (CH2O). Vibrational Raman thermometry is attempted
through an optical fiber but discarded due to the lack of an appropriate probe molecule
under the investigated conditions.

Oxidative coupling of methane in the gas-phase is investigated in a high-pressure
flow reactor at a CH4/O2 feed ratio of 8. Species profiles were measured and compared
to computational fluid dynamics (CFD) simulations based on an appropriate kinetic
mechanism. The agreement of experiment and simulation for the primary species is
good. However, in particular the evolution of the C2 species appears to be captured less
accurately by the state-of-the-art mechanism. A pathway analysis gives insight into the
kinetics of fuel-rich methane oxidation, in particular with respect to C2 formation. The
information may be helpful in the design of efficient coupling processes.

Methane oxidation over a platinum gauze was studied with theintention to verify
the feasibility of detecting OH radicals under methane-rich conditions. OH radicals
were readily detected under lean (excess oxygen) conditions (φ = 0.5) where OH is a
quasi-equilibrium product appearing mainly in the post-reaction zone. Under methane-
rich conditions with an equivalence ratioφ = 2.0 OH concentrations appeared to be
just below the detection limit of the technique (∼1 ppm) and thus, detection at higher
methane partial pressures, where OH concentrations are expected to be even lower, is
unlikely. Both experiments were compared to gas-phase kinetic simulations illustrating
the impact of heterogeneous chemistry in either case.

Concerning the detection of OH radicals, the sensitivity of(optical-fiber) LIF has
been proved to be insufficient to measure species profiles under industrial conditions
common to chemical synthesis. Other (spectroscopic) methods which provide higher
sensitivities may have to be employed to detect OH under methane-rich conditions.

Kinetic simulations were shown to be an invaluable tool in interpreting the experi-
mental data. However, reactor modeling is challenging and computationally expensive
requiring a trade-off between the level of detail of the reactor model and the complexity
of the chemical mechanism. In spite of decades of research a universal kinetic mecha-
nism accurately describing gas-phase methane oxidation inall stoichiometric regimes
is not yet available. This fact has to be taken into consideration when coupling the gas-
phase chemistry to a catalytic mechanism in a homogeneous-heterogeneous model. In
proximity to the catalyst, i.e. within the catalytic boundary-layer, the partial pressures
may be substantially different from the bulk gas-phase and hence, the accuracy of the
mechanism may become questionable.
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Chapter 1

Motivation

This chapter gives a general overview for the interest in methane conversion, followed
by a brief synopsis of (oxidative) methane processes. From this follows the motivation
and the objectives of the present work.

1.1 Economic and Ecological Interest of Methane Con-
version

Since the end of the nineteenth century, the advancing industrialization and a grow-
ing world population go hand in hand with an escalating demand for energy and ex-
ploitation of resources. Despite political incentives andtechnological development for
the use of renewable sources, on a global scale mankind’s primary energy consump-
tion depends almost exclusively on fossil fuels. Apart fromthe nuclear fuels and coal
which are almost exclusively used for generating electricity, crude oil and natural gas
constitute the principal resources for electricity generation, heating, transportation and
industrial production. Increasing demand on the one hand, and dwindling reserves and
exploitation of new resources on the other hand are reflectedin the prices for the indi-
vidual hydrocarbon fuels. Figure 1.1 shows the developmentof prices for natural gas
and crude oil for different production sites during the lastthree decades. It can be seen
that there has been a generally increasing price trend sincethe turn of the millennium
for both fuels, followed by a sharp decline in 2008–2009 (topgraph). Although this
drop may be attributed to the global financial crisis there isanother trend which is re-
covered by looking at the relative prices of natural gas compared to oil (bottom graph).
Hydraulic fracturing, a production technology for shale gas which has become avail-
able in the United States, has lead to a strong relative cost advantage of natural gas in
the US. However, also on the European continent, where skepticism towards fracking
is more pronounced and the technology has not yet been established on a large scale,
the general price trend is slightly in favor of natural gas (the dashed lines indicate the
linear regressions for the European NG prices). Besides, there are indications that peak
oil production outside the Organization of the Petroleum Exporting Countries (OPEC)
has already been reached [1] and also geostrategical struggles may threaten the global
supply with oil in the future. Chemical industry has ever since relied predominantly on
crude oil as the feedstock for the production of liquid fuelsand base chemicals. In the
light of the above trends, chemical companies as well as national economies currently
strive for a strategic diversification of resources and the conversion of natural gas to
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Figure 1.1: Natural gas (NG) and crude oil price trend (top), and ratio ofcrude oil price
to natural gas price (bottom). The latter can be interpretedas a measure for the relative
cost of NG vs. crude oil and shows a significant benefit for the US hub in recent years.
The dashed lines are the respective linear regressions for the European hubs indicating
a smaller upwards trend for these markets, too. (cif = cost+insurance+freight (average

prices)). [data adapted from BP Statistical Review of WorldEnergy, June 2013]

value-added chemical products are of key significance for this process.

Another motivation in the conversions of methane lies in thefact that many natural
gas sites are located in remote areas or off-shore. Due to thelow energy-density of
methane and because pipelines or liquefaction facilities are costly transportation be-
comes uneconomical. Although prohibited in many countries, flaring of natural gas,
which is dissolved in crude oil, is still a wide-spread routine, even though CO2 re-
leased into the atmosphere has a smaller global warming impact than methane. Given
this wasteful conduct, economical on-site processing might encourage utilization, in-
crease profit and help saving resources [2]. Besides, methane may be produced from
fermentation of organic material and might thus contributeto the development of a
sustainable carbon-neutral society.

In order to illustrate the profitability of natural gas conversion, ethylene production
will serve as an example for a brief economic consideration.Light olefins, such as ethy-
lene and propylene, are essential industrial compounds andconstitute precursors for
various industrial and consumer goods in the form of plastics, fibers and other chemi-
cals. In Europe ethylene is predominantly produced by steamcracking of naphtha [3]
and in turn pricing is strongly dependent on crude oil supply. In Summer 2013 ethylene
spot prices amounted to roughly 1000 EUR/mt FD NWE (free delivered northwest Eu-
rope). Direct conversion of natural gas by oxidative coupling of methane (OCM) is a
potential direct production route for ethylene. The natural gas price in Europe recently
amounts to∼10 U.S. dollar/million Btu (approx. 7.5 Euros/28 m3) according to Figure
1.1. Assuming a 30 % yield one can roughly estimate that ethylene pricing is of the
same order of magnitude (i.e. 1500 EUR per metric ton) as ethylene extraction from
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1.2. Methane Oxidation Processes

crude oil. However, with respect to gas prices in the US we findan ethylene price of
only 500 EUR per metric ton. Though this rough estimate does not take into consider-
ation investment costs and running expenses, it shows that methane conversion might
become a competitive process to conventional production. As a second example for the
economic, political and geostategical interests in methane conversion serves the con-
struction of the Pearl GTL plant in Qatar by Shell and Qatar petroleum. The plant has
reached full production capacity in the last year and is the world’s largest gas-to-liquids
plant based on methane-to-olefins conversion via Fischer-Tropsch systhesis.

In spite of all economic and ecologic incentives for conversion of natural gas to
higher-value chemical products, nowadays, natural gas is still predominately burned
for heating and electricity generation purposes [4]. Combustion chemistry is a vivid
research field and although combustion science may be considered a traditional and ma-
ture research field, methane oxidation is still of great importance for the design of e.g.
domestic boilers and modern power plant gas turbines. The two research fields, com-
bustion science and chemical synthesis, rely on the same governing chemo-physical
principles, and therefore it is natural to approach the topic in this perspective and to
tackle it with the experience and concepts of both disciplines.

1.2 Methane Oxidation Processes

Oxidative methane conversion can be categorized by the stoichiometry of the reactants,
i.e. in terms of the methane-to-oxygen ratio CH4/O2 or likewise in terms of the equiv-
alence ratioφ which is commonly used in the combustion community and defined as
the ratio of the methane-to-oxygen ratio to the stoichiometric methane-to-oxygen ra-
tio, i.e. φ = (CH4/O2) / (CH4/O2)st . Oxygen-rich stoichiometries (CH4/O2 ≤ 0.5 or
φ ≤ 1) are characteristic for combustion systems. In chemical synthesis methane-rich
stoichiometries are employed up to the point of pyrolysis (CH4/O2≫ 1 orφ≫ 2). Ta-
ble 1.1 summarizes oxidative as well as pyrolytic methane reactions with their reaction
energies and entropies.

1.2.1 Methane Combustion

The products of methane combustion are carbon dioxide and water

CH4 + 2 O2 → CO2 + 2 H2O. (1.1)

In contrast to chemical processes, air is generally used as oxidizer in combustion pro-
cesses which brings nitrogen chemistry into play. Despite the loss in efficiency modern
gas turbines are generally operated with excess oxygen (lean operation mode) in order
to ensure complete combustion on the one hand, and to decrease the maximum tem-
perature on the other. The efficiency of an idealized gas turbine is thermodynamically
given by

ηth =
(T2/T0)(1− Λ−ηT)− (Λ1/ηC − 1)

(T2/T0)− Λ1/ηC)
(1.2)

whereT0 is the ambient temperature,T2 the turbine entrance temperature,Λ(p/p0)
is a function of the compression ratio,ηT and ηC are the polytropic efficiencies of
turbine and compressor, respectively (each can be assumed to be constants of approxi-
mately 0.9) [6]. It can be shown that, for a given compressionratiop/p0, the efficiency
increases with the turbine entrance temperatureT2 which is given by the combustion
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1. Motivation

Reaction ∆rH0 ∆rS0 ∆rG0

CH4 → 1/2 C2H6 + 1/2 H2 33 -6 35

CH4 → C(s) + 2 H2 75 81 51

CH4 → 1/2 C2H2 + 3/2 H2 189 110 156

CH4 + 2 O2 → CO2 + 2 H2O(g) -802 -5 -801

CH4 + 3/2 O2 → CO + 2 H2O(g) -519 81 -544

CH4 + 1 O2 → CO2 + 2 H2 -319 84 -344

CH4 + O2 → CH2O + H2O(g) -283 16 -288

CH4 + 3/4 O2 → 1/6 C6H6 + 3/2 H2O(g) -274 -12 -271

CH4 + 3/4 O2 → 1/2 C2H2 + 3/2 H2O(g) -174 44 -187

CH4 + 1/2 O2 → 1/2 C2H4 + H2O(g) -141 10 -144

CH4 + 1/2 O2 → CH3OH(g) -126 -49 -112

CH4 + 1/2 O2 → CO + 2 H2 -36 170 -87

CH4 + 1/4 O2 → 1/2 C2H6 + 1/2 H2O(g) -88 -28 -80

Table 1.1: Overview of pyrolytic and oxidative methane conversion reactions (in
kJ/mol and J/mol K, respectively at 300 K, thermodynamic parameters taken from [5]).

temperature. Therefore a maximum combustion temperature is aspired. However, there
are two reason why this is impractical. (i) The rotor blades of the turbine’s first stage
at the outlet of the combustion chamber only resist a certainthermal load. Thanks
to dedicated materials and internal blade cooling maximum temperatures of∼1700 K
may be achieved in modern systems, though adiabatic flame temperature of methane-
air amount to∼2200 K. (ii) Nitric oxides NOx emissions are hold responsible since
they lead to formation of acid rains and smog. However, NO concentrations depend
on temperature exponentially and at temperatures characteristic for fuel combustion
(1800 K and higher) the equilibrium NO concentrations exceeds 1500 ppm [7]. This
process is known as thermal NO formation or Zeldovich mechanism:

N2 + O ⇋ NO + N (1.3)

N + O2 ⇋ NO + O (1.4)

N + OH ⇋ NO + H. (1.5)

1.2.2 Chemical Synthesis

Chemical synthesis processes may generally be categorizedinto indirect and direct
methods (e.g. [8, 9]).

Indirect Conversion

The indirect conversion route begins with synthesis gas (syngas) production by highly
endothermic steam (or less often CO2) reforming

CH4 + H2O→ CO + 3 H2, (1.6)

CH4 + CO2 → 2 CO + 2 H2 (1.7)
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1.2. Methane Oxidation Processes

or, alternatively, through exothermic partial oxidation

CH4 + 1/2 O2 → CO + 2 H2. (1.8)

The H2/CO ratio required for subsequent processing can be adjusted by the water gas-
shift reaction

CO + H2O→ CO2 + H2 (1.9)

may be further converted in gas-to-liquid processes, like the Fischer–Tropsch synthesis
or the Mobil process for liquid hydrocarbons generation, just to name some examples
for syngas processing [10, 11, 2]. Alternatively, direct conversion routes would gener-
ally avoid the cost-intensive syngas generation step whichamounts to 60-70 % of the
cost of the overall process [12, 13].

Direct Conversion

Examples for direct conversion processes include pyrolysis (i.e. thermal coupling) and
partial oxidation or oxidative coupling. While the desired product in partial oxidation
is commonly methanol, here we will restrict our attention tooxidative coupling to C2
products. It is convenient to first look at thermodynamic considerations for pyrolysis of
methane, and subsequently, discuss the oxidative process with respect to the formation
of coupling products.

Pyrolysis Pyrolysis is the transformation of organic materials by heat in the absence
of oxygen. It is an endothermic process and one general problem in pyrolytic coupling
of methane is the fact that the C-C bond of the desirable coupling product (H3C-CH3→
2 CH3, ∆rH0(298 K) = 377 kJ/mol) is weaker than the C-H bond in the educt (H-CH3

→ H + CH3, ∆rH0(298 K) = 439 kJ/mol) which poses an inherent thermodynamic
handicap to the process [14]. The Gibbs free energy of formation can be interpreted as
the physical concept underlying chemical intuition. The red curves in Figure 1.2 show
the Gibbs free energies of formation∆fG0 per C atom for a number of hydrocarbons
as a function of temperature. Given an initial ensemble of CH4 molecules the Gibbs
energy of formation∆fG0 of each hydrocarbon molecule reflects its relative stability
with respect to its constituents and other hydrocarbon species, e.g. the formation of
a C2 species is favorable if its Gibbs free energy is smaller than that of two methane
molecules. It can be seen that methane constitutes the most stable hydrocarbon up to
1300 K. At higher temperatures benzene, and subsequently above 1700 K acetylene
becomes the most stable hydrocarbon. However, at the same time the decomposition
into molecular hydrogen and carbon is encouraged for temperatures greater than 800 K.
Only for temperatures in excess of 4200 K acetylene is even more stable than the ele-
mental species due to its negative slope. The resulting equilibrium calculations, which
include constraints due to the conservation of elements, for pure methane as a func-
tion of temperature are shown in Figure 1.3. The highest acetylene yield is achieved
above 1500 K. However, as noted before at these temperaturesacetylene is less stable
than C(s) and H2 and therefore decomposition has to be overcome by quenchingthe
reaction, i.e. short residence times on the order of 0.1–10 ms [15].

Oxidative Coupling By adding oxygen to the system the process becomes exergonic,
i.e. the energy of the endothermic thermal coupling (CH4→ 1/2 C2H6 + 1/2 H2, ∆rG0

= 36 kJ/mol at 1000 K) is provided by binding the liberated hydrogen (CH4 + 1/4 O2→
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1/2 C2H6 + 1/2 H2O, ∆rG0 = -60 kJ/mol at 1000 K). This is also seen from Figure 1.2,
now also taking into account the oxygen containing species depicted by the blue curves.
The equilibrium composition and temperature as a function of CH4/O2 ratio is shown
in Figure 1.4. For methane/oxygen ratios close to stoichiometry (CH4/O2 = 0.5) major
products include not only H2O, CO, CO2 and H2 but also OH as well as H and O atoms
due to the exceedingly high temperature of the undiluted mixture (3000 K)1. Around
CH4/O2 = 2 partial oxidation to syngas has high yields. Beyond the stoichiometric
point the equilibrium temperature falls drastically and remains around∼900 K for
CH4/O2 ratios greater than 2. CO and hydrogen are the principal products, CO2 and
water are minor products on the order of some percent and ethane and ethylene are the
only higher hydrocarbons above ppm level.

In contrast to the discussion for methane pyrolysis, where thermodynamics lead
a long way, the thermodynamic considerations become tedious for methane oxidation
at this point. High yields for C2 species cannot be expected from a thermodynamic
point of view. However, a real system involves chemical kinetics as well as transport
processes which may considerably alter the product pattern. Kinetics can be influenced
e.g. by the use of a catalyst, and a positive transport effectis achieved e.g. by imposing

1Though the adiabatic flame temperature of methane-air mixtures just reaches∼2200 K, this is still suf-
ficiently high to produce considerable equilibrium amounts of OH radicals (∼3400 ppb). This may explain
why OH is readily detected in combustion studies.).
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1.3. Homogeneous-Heterogeneous Coupling in OCM

Figure 1.5: Heterogeneous-homogeneous coupling.

short contact times [16].

1.3 Homogeneous-Heterogeneous Coupling in OCM

Apart from the above general motivation, the present work ismotivated by the groups’
research on oxidative coupling of methane (OCM). For decades, oxidative coupling to
ethylene has been a desired direct conversion route. Due to the thermodynamic limi-
tations discussed above, it is necessary to manipulate the kinetics of the process. With
this intention, research and industry have focused on the development of efficient cat-
alysts, however yields of∼30 % have not been overcome [17, 18]. It’s noteworthy
that there are reports which predict an upper bound of∼30 % yield of a catalytic pro-
cess based on thermodynamically consistent kinetics that can be incorporated into a
reactor-transport model to generate yield trajectories [19]. Similar mechanistic con-
straints, independent of employed catalyst, were already put forward earlier [20]. It
appears that the reaction proceeds via a heterogeneous-homogeneous mechanism [21].
That means that apart from the catalytic surface chemistry,gas-phase chemistry might
become competitive due to initiation of gas-phase reactions (due to the high temper-
atures) and high rates of intermolecular collisions (due toelevated pressure under in-
dustrial operation). In addition to the catalytic and homogeneous activity, heat- and
mass-transfer to and from the catalyst come into play, a process commonly referred
to as homogeneous-heterogeneous coupling (Figure 1.5). The often cited mechanism
by Lunsford suggests ethane is being produced mainly by the coupling of the surface-
generated CH3 radicals in the gas-phase [22]. In fact, it was shown earlier[23] and the
present experiments confirm that OCM even occurs in the absence of a catalyst though
a catalyst generally leads to increased selectivities. Hence it is natural to strive for
a comprehensive model of homogeneous-heterogeneous dynamics comprising surface
and gas-phase reactions as well as heat- and mass-transfer processes. Obviously, the
model depends on an accurate kinetic mechanism to describe the gas-phase reaction
network which is yet another motivation to the present kinetic studies.
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1. Motivation

1.4 Objective and Outline of the Thesis

With regard to the above motivation, the aim of this thesis isthe investigation of gas-
phase methane oxidation kinetics. Modeling of the extensive and complex reaction
network relies on kinetic mechanisms listing Arrhenius parameters for the relevant el-
ementary reactions. However, there are numerous mechanisms available in literature
[24] and some kinetic parameters reported by different authors deviate from each other
by orders of magnitude [21]. Many mechanisms originate fromthe combustion com-
munity (i.e. under conditions close to stoichiometry, in air-fed systems and elevated
temperatures), some are optimized with respect to restricted conditions, and hence
extrapolation to conditions typically found in the contextof chemical synthesis may
not be adequate. Throughout the thesis we will encounter three different methane-
oxidation regimes: stoichiometric combustion in an open, atmospheric Bunsen-type
flame, fuel-rich methane oxidation in a high-pressure flow reactor with intent to study
gas-phase oxidative coupling kinetics, and catalyticallyassisted combustion and partial
oxidation on a platinum gauze.

The thesis is based on a complementary approach, comprisingexperimental as well
as numerical methods: (i) Since methane oxidation involvesradical chain reactions,
a special emphasis in this work lies on the laser-spectroscopic detection of radical
species. To this effect, laser-induced fluorescence (LIF) is employed for the detec-
tion of OH hydroxy radials, which is a species commonly interrogated using LIF in
combustion science [25]. However, according to Chen et al. [21] methyl (CH3) and
hydrogen peroxy radicals (HO2), are the most abundant radicals under conditions com-
mon to oxidative coupling (CH4/O2 2 - 8) and their concentrations are calculated to be
on the order of 10−4 mol/m3 (≈1 ppm). Other radical concentrations are expected to
be several orders of magnitude lower and therefore a major challenge lies in the re-
quired detection efficiency of the diagnostic. Another challenge is the development of
a detection scheme allowing the in situ detection in a closedreactor without optical
access which is accomplished by means of optical fibers. (ii)The second emphasis of
the thesis lies in the kinetic modeling of the reacting flow. Based on the complete set
of Navier-Stokes equations comprehensive computational fluid dynamics (CFD) simu-
lations are performed which take into account the elementary kinetics of the system as
well as heat and mass transport processes. In other cases, simplifying assumptions are
made giving rise to reactor models which are computationally less expensive.

The thesis is divided into two parts: the introductory part provides the theoretical
and methodological background, while in the second part theresults are presented in
the form of research articles which were or will be submittedto peer-reviewed scien-
tific journals.

Introduction
Subsequent to the motivation,Chapter 2 provides the theoretical background for the
experimental and numerical methods used. Based on fundamental relations the impor-
tant governing equations are developed. InChapter 3 some practical aspects of the
experimental techniques are summarized. In particular thelaser-spectroscopic meth-
ods employed throughout the work are presented.

Results
The novel fiber-optic probe enabling in situ LIF detection inharsh environment is in-
troduced inChapter 4. Detection of OH radicals is demonstrated in a stoichiometric
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1.4. Objective and Outline of the Thesis

CH4/air flame, which is characterized by vibrational N2 Raman thermometry.Chapter
5 is dedicated to the investigation of gas-phase fuel-rich methane oxidation, common
to oxidative coupling conditions (CH4/O2 = 8), in a high-pressure flow reactor. Ki-
netic profiles are measured using a multi-species sampling technique as well as CH2O
detection by means of the fiber-optic LIF technique. KineticCFD simulation are per-
formed and the results are compared to the experimental data. The OCM gas-phase
reaction mechanism is discussed. Eventually,Chapter 5 reports on catalytically stabi-
lized methane oxidation on a platinum gauze which are intended to prove the feasibility
of OH detection using LIF under the conditions of interest. OH radicals are readily de-
tected under lean conditions (φ = 0.5). However, in the fuel-rich regime (φ = 2.0) OH
concentrations are just below the detection limit which exposes the limitations of the
diagnostic. Both experiments are compared to gas-phase chemistry simulations.
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Chapter 2

Theoretical Background

In this chapter we will introduce governing equations whichare of relevance for this
work and thus lay the basis for a theoretical approach to the matters of interest.

2.1 Optics

2.1.1 Maxwell’s Equations

The following section recapitulates the basics of light-matter interaction in terms of
classical electrodynamics in order to summarize essentialcharacteristics of the laser-
diagnostics used in this work. Rayleigh, Raman scattering and absorption are derived
from the same underlying principles of radiation-dipole interaction.

Many optical phenomena can be understood and interpreted based on Maxwell’s
equations [25]. Adopting the common notation by [26, 27], the differential set of
Maxwell’s (macroscopic) equations is:

∇ ·D = ρ (2.1)

∇×E = −∂B

∂t
(2.2)

∇ ·B = 0 (2.3)

∇×H =
∂D

∂t
+ j (2.4)

whereE andH denote, respectively, the electric and magnetic field.D andB are
defined as the electric flux density (also called displacement field) and the magnetic
flux density, respectively, and are specified by the electricand magnetic properties of
the medium.ρ is the free (unbound) charge density andj the current density.

Two more equations are required in order to solve the set of Maxwell’s equations.
The constitutive equations represent the electric and magnetic properties of the medium
by defining the electric and magnetic flux densitiesD andB as

D = ε0E + P (E) (2.5)

B = µ0H + M(E) (2.6)

While the electric permittivityε0 and the magnetic permeabilityµ0 are natural con-
stants, the polarization and magnetization densityP (E) andM(H) are functions of
E andH, respectively, and specify the response of the bound charges and currents to
the acting fieldsE andH. In the vacuumP andM would vanish. Since this work
focuses on non-magnetic media we assumeM = 0 and restrict our attention to the
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2.1. Optics

P -dependence on the electric fieldE. However, the discussion may be assumed to be
directly transfered to magnetic media. Generally, the response is non-linear and may
be expressed in terms of a Taylor series

P = ε0

∑

i

χ(i)E i (2.7)

whereχ(i) are the electric susceptibility tensors of degreei+ 1.
In a molecular picture, a sinusoidal electric fieldE exerts a force onto the charged

particles constituting the molecule and the light electrons begin to oscillate against
the heavy nuclei, creating an oscillating induced dipole. In fact, the polarization is
defined as the sum over all molecular dipole moments induced by the electric field, but
a molecular description of that process will be given in the next section. In most cases
the charge displacement is small and it is sufficient to assume a linear response of the
medium to the applied electric fieldE, thus neglecting higher-order terms. Only if
the electric field becomes sufficiently strong, i.e. comparable to atomic electric fields
∼ 105−108 V/m, the non-linear terms become important. For instance, typical higher-
order susceptibilities are on the order ofχ(1) ≈ 1, χ(2) ≈ 10−13 − 10−10 m

V (except
for isotropic media whereχ(2) vanishes for reason of symmetry),χ(3) ≈ 10−23 −
10−18 m2

V 2 [28, 27].
In most cases a linear relation is sufficient, therefore higher-order terms are omitted

and the constitutive equation becomes

D = ε0 E + ε0 χ
(1) E

= ε0 (1 + χ(1)) E

= ε0 ε E

(2.8)

whereε = 1 + χ(1) is the medium’s dielectric constant.
Using the above relation it is now possible to elucidate the propagation of light in

matter. By taking the curl of equation (2.2) and using the vector identity∇ × (∇ ×
E) = ∇(∇ ·E)−∇2 E, we find the wave equation

∇2 E − µ0ε0ε
∂2E

∂t2
= 0

∇2 E − n2

c2

∂2E

∂t2
= 0

(2.9)

where we have used the definitions of the speed of lightc = (µ0ε0)−1/2 and (complex)
refractive indexn =

√
ε. An analogous expression is found forH. Solutions of the

wave equation are of the formE = Ê(x) exp (−iωt) and the full solution depends on
individual boundary conditions.

2.1.2 Classical Approach to Light-Matter Interaction

The electric dipole moment of a molecule can be expressed in terms of the charge
densityρ(x, t),

µ =

∫
ρ(x, t) x d3x (2.10)

which in turn can be expressed in terms of the Dirac delta function δ(x), so that
ρ(x, t) =

∑
i qi δ(x − xi(t)), whereqi is the point charge found at positionxi(t).

21



2. Theoretical Background

In the simplest case of say a proton and an electron separatedby a distance vectord,
ρ(x, t) = e δ(x−d/2)+(−e) δ(x+d/2), and hence the permanent dipole isµper = ed.
Molecules are dynamic systems and their vibrational motionis best described in terms
of the equilibrium coordinatesςi = xi −xi0, wherexi0 are the equilibrium positions.
The molecule is characterized by its3N − 6 normal modes (linear molecules have has
3N - 5 vibrational modes), each being associated with an eigenfrequencyωv. As a
consequence, the molecule’s permanent dipole oscillates about its equilibrium value,
µper(t) = µ̄per + µ′per cos(ωvt) .

An important consequence of Maxwell’s equations is the factthat accelerated charges,
represented by the dipole momentµ, emit electromagnetic radiation. In the far field,
i.e. r ≫ ςi, the electric field is

E =
1

4πε0c2

(µ̈× er)× er

r
, (2.11)

whereer is the unit vector inr direction. In this classical picture, this implies that
an oscillating molecule will emit at an angular frequencyωv. Of course this picture
is incomplete since we know from quantum mechanics that the vibrational modes are
quantized and that a molecule can either emit or absorb radiation through transitions
from one state to another. It was Planck’s discovery, that the frequency of the elec-
tromagnetic wave is related to the energy carried by the photon byhν = Ei − Ef .
However, it is interesting to note that this simple classical model can explain infra-
red absorption of simple molecules: a molecule is infra-redactive if there is a non-
vanishing change of the dipole moment due to the vibrationalmotion,∂µ/∂ςi|0 6= 0.
Generally, homonuclear diatomic molecules are not infrared-active since they do not
posses a dipole moment at all, while heteronuclear diatomics and non-linear triatomic
and larger molecules have infrared-active modes. A more rigorous explanation for this
symmetry relations is provided by group theory. A vibrational mode is infrared-active
if it has the same symmetry as a component of the dipole momentvectorx, y, z. For
this purpose, the symmetry properties are listed in the character tables.

Apart from the permanent dipole moment, a dipole can be induced by an incident
electromagnetic fieldEinc = Êinc cos(k · x− ωt), where the wavelengthλ = 2π/|k|
is typically large compared to the characteristic size of the molecule. The polariz-
ability tensorα is the proportionality factor determining the response of the molecule
in terms of the induced dipole momentµind = αEinc. In other words, the nuclei
are displaced from their equilibrium positions in the direction of the perturbing field
Einc, and electrons are drawn in the opposite direction. However, according to the
Born-Oppenheimer approximation the nuclei are comparablyheavy it can be assumed
that the displacement of the electrons is the principal source for the induced dipole mo-
ment. Every molecule has a non-zero polarizability even if it has a vanishing permanent
dipole moment.

It is now of interest to examine the case when the angular frequency of the incident
field ω is far from resonance,ω ≫ ωv. If we take into consideration that intramolec-
ular forces will change if the charges are displaced from their equilibrium positions,
the polarizabilityα(ςi) becomes a function of the coordinatesςi and as a first order
estimate it can be rewritten as

α = α|
0

+
∑

i

∇α|
0
ςi. (2.12)

For normal modes all oscillations are at the same frequency,ςi = ς′

i cos(ωvt), and the
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2.1. Optics

induced dipole moment of the moleculeµind is therefore given by

µind = α|
0
Êinc cos(ωt) +

∑

i

∇α|
0
ς′

i cos(ωvt) Êinc cos(ωt)

= α|
0
Êinc cos(ωt) +

∑

i

∇α|
0
ς′

i Êinc (cos((ωv − ω)t) + cos((ωv + ω)t)) .

(2.13)

The first term in equation (2.13) is the origin of elastic Rayleigh scattering at the same
frequency as the incident field, whereas the second term gives rise to the inelastic Ra-
man effect. It comprises two Stokes shifted frequenciesω ± ωv named anti-Stokes
and Stokes respectively, where the less probable Stokes effect requires the molecule
to be in an excited state and more energetic photons are emitted as are incident on the
molecule, whereas in the other case energy is transferred tothe molecule and it is left
in an excited state.

Again, this classical expression is sufficient to determinewhether a molecule is
Raman-active. The requirement is that the change of the polarizability due to the vi-
brational motion is non-vanishing,∂α/∂ς0 6= 0. We recall that the requirement for
infra-red activity is∂µ/∂ςi|0 6= 0.

2.1.3 Molecular Scattering in Gases on a Macroscopic Scale

A gas is constituted of randomly aligned molecules. The polarization is a tensor
quantity and depends on the orientation of the molecule. We will account for direc-
tionality by taking the mean〈...〉 over an ensemble of randomly aligned molecules.
Hence the mean induced dipole moment〈µind〉 depends on the mean values〈α|

0
〉 and

〈∑i ∇α|0ς′

i〉. For spherically symmetric molecules the former tensor〈α|
0
〉 will be

isotropic which results in scattering with the same polarization direction as the incident
electromagnetic field, while in general it has to be considered to be non-isotropic. In
the latter case the scattering comprises a depolarized component, i.e. perpendicular to
the incident field. The depolarization ratioρp represents the ratio of the parallel and
perpendicular components and is of the order 10−2 for molecules in question in the
context of this study [29]. Thus, in what follows, it is justified to consider the mean
polarization〈α|

0
〉 to be an isotropic tensor.

If one considers that the incident field is polarized along the z-axis, then so will
beµind and the double cross product in equation (2.11) is equivalent to 〈µ̈〉 sin(ϑ) ez,
whereϑ is the angle between the radial vectorer and the polarization axis. The result-
ing electric field is given by

E =
Êinc

4πε0c2 r
sin(ϑ)

(
〈α|

0
〉ω2 cos(ωt)+

〈
∑

i

∇α|
0
ς ′i〉
(
(ω − ωv)2 cos((ω − ωv)t) + (ω + ωv)2 cos((ω + ωv)t)

)
)

ez.

(2.14)

It is noteworthy that the scattering signal itself is polarized in the same direction as
the incident field and that it vanishes assin(ϑ) = 0, i.e. there is no scattering in the
direction of the incident field polarization.
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2. Theoretical Background

The irradianceI in units of Wm−2 is found by taking the temporal integral, which
yieldsI = ε0c

2 |E
′|2,

IRay ∝
1

r2
Iinc sin2(ϑ) 〈α|

0
〉2 ω4

IRam ∝
1

r2
Iinc sin2(ϑ) 〈

∑

i

∇α|
0
ς ′i〉2(ω ± ωv)4,

(2.15)

for the Rayleigh scatteringIRay at frequencyω and for the Raman signalIRam at
Stokes shifted species specific frequenciesω ± ωv respectively. The polarization term
and the frequency dependence are conventionally accountedfor in the cross-sectionσ
to giveσRay = 〈α|

0
〉2 ω4 andσRam = 〈∑i ∇α|0ς

′
i〉2(ω ± ωv)4.

On a macroscopic scale every molecule in the probe volume will contribute to the
scattering process and the signal will be proportional to the number densityn. In a gas
mixture, characterized by mole fractionsXi, the effective cross sectionσeff is given by
the mole fraction weighted average of the individual cross sectionsσi,

σeff =
∑

i

σiXi. (2.16)

It is convenient to express the signal strength in terms of power per solid angle

dP

dΩ
=
IdA

dΩ
= Ir2, (2.17)

which we will denote byIΩ, and we can write the final equation as

IΩ = Iinc sin2(ϑ) n σeff . (2.18)

2.1.4 Absorption and Emission of Radiation

The above classical derivation gives a qualitative picturefor dipole radiation processes
but fails to provide a complete model for the dipole transitions and their intensities.
Again, the electric dipole is key to understand this, but nowin the framework of quan-
tum mechanics. The electric transition dipole moment between statesi to j is given
by:

µij :=

∫
Ψ∗i µ̂ Ψj d

3x = 〈Ψi|µ̂|Ψj〉 (2.19)

whereΨi = ψ(x) exp(−iEit/~) denotes the time-dependent wave function,ψ(x)
the stationary wave function,̂µ =

∑
n qnxn the electric dipole moment operator and

〈...〉 the common bra-ket notation. Fori = j the time-dependence cancels and due
to the symmetry of the integrand the transition moment vanishes. In contrast to the
classical model, in quantum mechanics there is no static or oscillating dipole moment
and therefore no radiative exchange of energy is possible. If i 6= j the time-dependent
terms yieldexp(−i(Ei − Ej)t/~) so that now there is a oscillating dipole moment of
frequencyω = (Ei − Ej)/~. In this way the Planck relation is recovered.

The probability of a transition between two statesi and j is proportional to the
square of the transition dipole moment

Mij =

∣∣∣∣
∫
ψ∗i µ̂ψj d

3x

∣∣∣∣
2

. (2.20)
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For vanishingMij the transition is said to be forbidden, which leads to the definition
of selection rules. The transition moment can be separated in an electronic, vibrational
and rotational parts. Each contribution can be analyzed individually resulting in distinct
selection rules for electronic, vibrational and rotational transitions. For brevity we will
not go further into this discussion, Herzberg [30, 31] and many other references provide
detailed derivations for selection rules and list transition energies and intensities of
various molecular systems.

2.2 Statistical Thermodynamics

The approach of this section is inspired by reference [32]. The ultimate goal of the
first subsection is to derive an expression for the population distribution of a system
in thermodynamic equilibrium, i.e. the partition function. The molecular partition
functions are important to interpret molecular spectra. Moreover, they can also be
used to arrive at a reaction rate expression similar to the Arrhenius equation based on
transition state theory.

2.2.1 Derivation of Partition Function

After Boltzmann, the macroscopic entropy of a thermodynamic systemS is related to
the probabilities of the possible microstatespi through the relation:

S = −kB

∑

i

pi ln pi. (2.21)

This relation links the experimental (observable) entropyto the states of the molecules
constituting the gas (or any other collection of independent particles be it atoms or
electrons in a free electron gas) on account of their microscopic properties. The ther-
modynamic equilibrium postulate attributes an equal probability to each accessible mi-
crostates of an isolated system, i.e.pi = 1/Ω with Ω = Ω(U,N, V ) being the number
of microstates consistent with the given macroscopic boundary conditions(U,N, V ).
Such a system is called microcanonical and simple algebraictransformations yields the
equation in the form in which it is engraved into Boltzmann’stombstone

S(U,N, V ) = kB ln Ω(U,N, V ). (2.22)

The canonical ensemble describes a closed systemS with indefinite energy but in
thermal equilibrium with a reservoirR. This implies that the system sustains its tem-
peratureT by exchange of energy with the reservoir and that its temperature is given
by the reservoir’s temperature. The reservoirR itself is supposed to be much larger
than the canonical systemS (and therefore has an energy which remains essentially
unaffected from any changes of the energy ofS). It is crucial to note that the total
system consisting of reservoirR and subsystemS constitutes a microcanonical system
to which the postulate of equal probability applies again.

We would like to know the probabilityf(E) of finding the canonical subsystemS
in a microstate of energyEi under the constraint of a given energyUtot = UR + Ei

of the total system1, which can be expressed in terms of the number of states of the

1A simple analogy is instructive. Consider a set of three dice,one of which is red, the remaining two
being white. The three dice have been thrown many thousand times. Whenever the sum of the numbers on
the three dice has been 12 (and only then), the number on the reddie has been recorded. The red die is the
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2. Theoretical Background

reservoir having an energyUtot − Ei (see e.g. [33])

f(E) =
ΩR(Utot − E)

Ωtot(Utot)
. (2.23)

Since the expressions in the numerator and denominator are related to the reservoirR
and total system, respectively, they can be expressed in terms of the entropies (equa-
tion (2.22))

fi =
exp (SR(Utot − Ei)/kB)

exp (Stot(Utot)/kB)
. (2.24)

At this point we will need another important law of thermodynamics which is the
Gibb’s fundamental equation

dU(S, V,N) = TdS − pdV + µdN (2.25)

whereU is a function of the independent extensive quantitiesS, V,N and we have
employed the definitions of the intensive quantities temperatureT = ∂U/∂S, pressure
p = −∂U/∂V , and chemical potentialµ = ∂U/∂N . We note thatStot(Utot) =
SR(Utot −U) + SS(U) whereU is the average energy of the canonical systemS. We
note further thatSR can be expanded aroundUtot − U , we obtain:

SR(Utot − Ei) = SR(Utot − U + U − Ei) (2.26)

= SR(Utot − U) +
U − Ei

T
(2.27)

where we have used the equation 2.25,dS = dU/T |V,N . Resubstituting into equa-
tion 2.24 yields

f(Ei) = exp

(
U − TS
kBT

)
exp

(−Ei

kBT

)
. (2.28)

Without elaborating on the recovered expressionF = U − TS know as the Helmholtz
potential, we observe thatexp (U − TS/kBT ) is independent ofEi and can be inter-
preted as a normalization term when summing over all states

∑

i

fi = exp

(
F

kBT

) ∑

i

exp

(−Ei

kBT

)
= 1 (2.29)

⇒ Z(T ) := exp

( −F
kBT

)
=
∑

i

exp

(−Ei

kBT

)
. (2.30)

This expression is the canonical partition function denoted byZ(T ) which can be eval-
uated in terms of the microscopic properties of the system given by all statesi of energy
Ei. The molecular partition functions of common molecular models are summarized
in table 2.1.

The partition function can be interpreted in several ways. On the one hand, the
partition function is a measure of the number of thermally accessible energy states, i.e.
if the temperature increases the particles can more easily access higher energy levels.
E.g. a partition function of order unity dictates that essentially all particles reside in the

analogue of our system of interest, the white dice correspond to the reservoir, the numbers shown correspond
to the energies of the respective systems, and the restriction to throws in which the sum is 12 corresponds to
the constancy of the energy of the total system. [33, p. 349]
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2.2. Statistical Thermodynamics

System Energy Partition function

Translation of particle of
massm confined to a vol-
umeV

Etrans = p2

2m = ~k2

2m Ztrans(T ) = (2πmkBT )2/3V
h3

Rotation of rigid linear
molecule with rotational
constantB

Erot = hcB J(J+1) Zrot(T ) = kBT
hcB

Rotation of rigid spheri-
cal top molecule with ro-
tational constantB

Erot = hcB J(J+1) Zrot(T ) =

√
π
(

kBT
hcB

)3

Rotation of rigid symmet-
ric top molecule with rota-
tional constantsB andA

Erot = hcB J(J+1)
+(A−B)K2

Zrot(T ) =

√
π

B2A

(
kBT
hc

)3

Vibration of molecule
with i vibrational de-
grees of freedom with
eigenfrequenciesωi

Evib = ~ωi(v + 1
2 ) Zvib(T ) =

∏
i

(
1− e

−~ωi
kB T

)−1

Electronic excitation with
first excited state’s energy
E ≫ kBT

Eel(ground state) = 0,
Eel(excited states)≫
kBT

Zel(T ) = gel

(gel degeneracy of ground state)

Table 2.1: Molecular energy terms and partition functions (adapted from [32] with
energy terms and partition functions according to [30]).

ground state. More precisely, the Boltzmann distribution prescribed by equation (2.28)
defines the temperature in terms of the molecular populationdistribution and hence
provides the basis for laser thermometry. On the other hand,it is possible to derive all
macroscopic properties of a system based on the knowledge ofthe system´s partition
function. E.g. it follows by definition from (2.30) thatF = −kBT lnZ, and the
average energyU = 〈E〉 of an ensemble is found by writing

〈E〉 =
∑

i

Ei f(Ei) =
∑

i

Ei
exp (−βEi)

Z
= − 1

Z

∑

i

∂

∂β
exp (−βEi)

= − 1

Z

∂Z

∂β
= −∂ lnZ

∂β
. (2.31)

where we have introduced the thermodynamic betaβ = 1/(kBT ).

2.2.2 Transition State Theory

In a nutshell, transition state theory allows to obtain the reaction rate constantk form
the molecular properties of the reactants and the corresponding transition state complex
[32]. The so-called activated complex is supposed to be in quasi-equilibrium with the
reactants and once the transition state is reached it is assumed that the product is formed

A + B ⇋ AB‡ → P. (2.32)
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The molecular partition functions are key to calculating the reaction rate constants
based on the above assumption and it was Eyring [34] who first formulated a relation
for the bimolecular reaction rate constant

k = κ
Z‡

ZAZB

kBT

h
exp

(−E‡
kBT

)
(2.33)

whereκ is the transmission coefficient, andE‡ the difference in energy between the
initial substances and the activated state at the absolute zero. He also commented on
the resemblance to Arrhenius’ equation introduced in a rather phenomenological fash-
ion already in 1889 [35]. Since the transition complexes areknown only for a number
of relatively simple reactions, kinetic mechanisms still rely to a large extent on experi-
mentally determined expressions for the rate constants, but there is a growing number
of reactions that have also been evaluated on the basis of transition state theory. How-
ever, literature mechanisms are commonly provided in termsof the modified Arrhenius
equation

k = AT β exp

(−Ea

kBT

)
(2.34)

where the pre-exponential factorA, the temperature exponentβ and the activation
energyEa are specified as kinetic parameters.

2.3 Conservation Equations

2.3.1 General Formulation of Conservation Equations

It is possible to derive a general conservation equation fora conserved quantity. Let’s
consider an identifiable material element of fixed mass and let Φ be a conserved prop-
erty of it, then the corresponding intensive quantityϕ is defined by

Φ =

∫
ϕdm =

∫

V

ϕρ dV (2.35)

whereρ is the material’s density. The material changeDΦ/Dt has to equal all sources
and sinks which we will denote bySΦ. Reynolds’ transport theorem [36, Art. 14; 37]
states that the material change of a (tensor) propertyΦ may be expressed in terms of
the temporal change ofΦ within the occupied volume and the net flux ofΦ through the
volume’s boundary∂V

DΦ

Dt
=

∫

V

∂ ϕρ

∂t
dV +

∫

∂V

ϕρuS · nS dS (2.36)

whereuS is generally the velocity of the boundary surface∂V but since we are con-
sidering a material element it is equal to the material’s velocity u at the boundary.nS

is the outward-directed normal vector of the surface element dS. By applying Gauss’
divergence theorem ∫

V

∇ · f dV =

∫

∂V

f · nS dS (2.37)

to the last term of equation (2.36), it can be translated to a single volume integral

DΦ

Dt
=

∫

V

(
∂ϕρ

∂t
+ ∇ · ϕρu

)
dV. (2.38)
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2.3. Conservation Equations

The most simple interpretation of the above result is the continuity equation arising
from the conservation of mass. The conserved quantity is themassm and therefore
ϕ = 1. Since there are no mass source terms (SΦ = 0) Dm/Dt = 0 and we obtain

∫

V

(
∂ ρ

∂t
+ ∇ · ρu

)
dV = 0. (2.39)

which has to be true for any volumeV . Hence the integrand itself has to be zero and
we retain the continuity equation

∂ ρ

∂t
+ ∇ · ρu = 0. (2.40)

Generally, the source termSΦ can be broken up in two parts, one representing
volumetric sourcessvol

ϕ , the other corresponding to surface sourcesssurf
ϕ ,

SΦ =

∫

V

svol
ϕ dV +

∫

∂V

ssurf
ϕ · nS dS (2.41)

Depending on the conserved quantity, examples for the volumetric source term are
gravity and heat release due to chemical reactions. Examples for surface source terms
include the pressure gradient or diffusion effects such as viscous stress or heat diffu-
sion. Again, by applying the Gauss’ theorem the surface integrals can be expressed in
terms of a volumetric integral. Diffusion terms are of particular importance, since they
introduce the second order derivatives into the conservation equations. In the end, a
generalized conservation equation of the form

∂ρϕ

∂t
+∇ · uρϕ = Γ∇2ϕ+ sφ (2.42)

can be formulated, whereΓ is the general diffusion coefficient. In a reacting fluid the
conserved quantities are massm, momentummu, energyE, and the mass of each
speciesmi. Table 2.2 lists the5 + N conservation equations. Including a constitutive
equation such as the ideal gas law, there are6+N equations to solve for all unknowns.

It is noteworthy that the left hand side of the conservation equation is often written
in a similar, and in fact, identical form. The densityρ then appears in front of the mate-
rial derivative. By employing the chain rule and using the mass conservation equation
it can be shown that

∂ρϕ

∂t
+∇ · ϕρu

=ρ
∂ϕ

∂t
+ ϕ

∂ρ

∂t
+ uρ∇ϕ+ ϕ∇ · uρ

=ρ
∂ϕ

∂t
+ uρ∇ϕ+ ϕ (

∂ρ

∂t
+∇ · uρ)

=ρ(
∂ϕ

∂t
+ u∇ϕ).

(2.43)
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Conserved Conservation equation Unknowns Number

quantity of equations

m ∂ρ
∂t + (∇ · u)ρ = 0 ρ 1

mu ∂ρu

∂t + (∇ · u)ρu = µ∇2u−∇p u, p 3

E ∂ρcvT
∂t + (∇ · u)ρcvT = λ∇2T + se T 1

mi
∂ρYi

∂t + (∇ · u)ρYi = −ρDi∇2Yi + si Y1, ..., YN N

ideal gas law p = ρRT 1

Table 2.2: Conservation equations and constitutive equation for a reacting fluid. The
conserved quantities are massm, momentummu, energyE, and species’ massmi, i =
1, ..., N . Note that the additional constraint

∑N
i Yi = 1 can be used to cut down the

number of species conservation equations toN − 1 by statingYN = 1−∑N−1
i Yi.

In many cases it is convenient to reduce the order of the differential equations which
greatly simplifies the solution. By writing the equations ina non-dimensional fashion
it is possible to obtain dimensionless numbers which compare the magnitude of the
diffusive term to the convective term. For the three conservation equations for momen-
tum, energy and species’ mass the respective dimensionlessnumbers are the Reynolds
number

Re :=
ρuL

µ
, (2.44)

the Péclet number for heat transport

PeT :=
uρcpL

λ
, (2.45)

and the Péclet number for mass transport for each species

Pemi
:=

uL

Di
. (2.46)

HereL is the characteristic length scale,µ the dynamic viscosity,cp the heat capac-
ity at constant pressure,λ the thermal conductivity, andDi the diffusion coefficient
of speciesi. In case the diffusive term is much smaller than the convective term, i.e.
the dimensionless numbers are much larger than unity, it is permissible to neglect the
second order derivative and the differential equation becomes first order. Yet another
important simplification are the boundary layer equations inspired by the Prandtl’s ob-
servation that high Reynolds number flows can be divided intotwo domains, one of
which is the outer flow which is considered inviscid, and the other is the thin layer
close to the wall where viscous effects are pronounced and viscosity can not be ne-
glected, that is the boundary layer [38]. In the boundary layer the above simplification
applies only with respect to certain directions. Notably, this changes the characteristic
of the partial differential equations from elliptic to parabolic, which has substantial im-
plications for numerical solution. In respect to chemically reacting flows in a tubular
reactor, which is of interest in this thesis, this has been implemented in the software
package CHEMKIN as the Cylindrical Shear-Flow Reactor (CSFR) model [39].
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2.4. Homogeneous-Heterogeneous Reactor Dynamics

2.3.2 Numerical Solution

Computational fluid dynamics (CFD) is concerned with the numerical solution of the
conservation equations. Here I would like to give a concise overview of the procedure.
In order to solve the conservation equations numerically they need to be discretized.
For sake of simplicity let’s look at the general conservation equation in Cartesian coor-
dinates and one dimension

∂ϕ

∂t
+ u

∂ϕ

∂x
=

Γ

ρ

∂2ϕ

∂x2
. (2.47)

One way to achieve atemporaldiscretization at a fixed point in space is the Euler
forward method

∂ϕ

∂t
=
ϕi+1 − ϕi

∆t
(2.48)

⇒ ϕi+1 = ϕi + ∆t
∂ϕ

∂t
(2.49)

ϕi+1 = ϕi + ∆t (
Γ

ρ

∂2ϕ

∂x2
− u∂ϕ

∂x
) (2.50)

where the subscripti represents the time step. A solution is obtained through iteration
until a steady state solution∂ϕ/∂t → 0 is achieved, i.e. the residual vanishesϕi+1 −
ϕi → 0. The aim ofspatialdiscretization is to express the spatial derivatives∂ϕ/∂x
and∂2ϕ/∂x2 as functions of the adjacent nodesϕx, ϕx±1, ϕx±2, ..., e.g. one could
apply the so-called first-order upwind approximation:

∂ϕ

∂x

∣∣∣∣
x

=
ϕx − ϕx−1

∆x
+O(∆x1). (2.51)

Applied to equation (2.50) and neglecting the diffusion term, we obtain an arithmetic
expression for the next time-stepi+ 1

ϕi+1
x = ϕi

x + ∆t u
ϕi

x − ϕi
x−1

∆x
(2.52)

= ϕi
x +

∆t u

∆x
(ϕi

x − ϕi
x−1) (2.53)

where the Courant-Friedrich-Lewy (CFL) number is defined asCFL =∆t u/∆x, which
is a critical parameter for the stability of computational fluid dynamics (CFD) simula-
tions. Now, using equation (2.53) it is possible to iteratively find a solution ofϕ given
an initial guess ofϕ0

x and the required boundary conditions. The above considerations
should suffice to conceive the algorithm involved in CFD simulations; however, it has
to be pointed out that the discussion only provides a qualitative picture, whereas the
true numerical solution in commercial CFD softwares is muchmore involved [40].

2.4 Homogeneous-Heterogeneous Reactor Dynamics

In catalytic systems, heterogeneous and homogeneous reactions may be strongly cou-
pled through heat and mass transfer, or by exchange of reactive intermediates and rad-
ical species. The catalyst surface may provide sufficient heat to the boundary layer to
ignite gas phase reactions, transfer limiting reactants from and to the boundary layer, or
act as a source or sink of radicals. It is important to distinguish between two regimes:
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Reactor wall maintained 

at cooling temperature T0 

Catalyst surface  

temperature TS 

Gas-phase 

temperature T Inflow V 

at temp. T1 

. 
Outflow V 

at temp. T2 

. 

Figure 2.1: Homogeneous-heterogeneous reactor model.

catalytic reactions on the surfaceon the one hand, andcatalytically stabilized reactions
in the gas phaseon the other hand. In the former, reactions and heat release occur pri-
marily on the catalyst surface, while in the latter case homogeneous and heterogeneous
reactions play an important role.

In order to illustrate the dynamics, it is sufficient to introduce a simple reactor
model (inspired by [41, 42]) consisting of a gas-phase flow and a cooled catalyst sur-
face (Figure 2.1). Steady-state energy balance equations for the catalyst surface with
temperatureTs and the gas-phase with temperatureT may be written as

surface energy balance: 0 = Q̇react
s − αA (Ts − T )−K (Ts − T0) (2.54)

gas phase energy balance: 0 = Q̇react + αA (Ts − T )− V̇ n cp∆T (2.55)

whereQ̇react is the heat release by chemical reaction on the surface and inthe gas
phase respectively (in W),α the convective heat transfer coefficient between the two
phases (in W /(m2 K)), A the catalyst surface area (in m2),K the cooling heat transfer
coefficient (in W / K) with cooling temperatureT0 , V̇ the volumetric flow rate (in m3 /
s),n the number density (in mol / m3), cp the heat capacity (in J / (mol K)), and∆T :=
T2−T1 the temperature increase in the gas phase (in K). In both equations the first term
represents the reaction heat generation, the second is the heat exchange between the two
phases, and the last term the heat removal by cooling and convection, respectively. It is
permissible to make a simplified Arrhenius ansatz for the rate expression of the form
k(s)(T(s)) ∝ exp(−E(s)

act/RT(s)) for both phases. Hence, the chemical heat release
on the surface and in the gas-phase are, respectively, isQ̇react

s = Aks(Ts) ∆rQs and
Q̇react = V nk(T ) ∆rH. Here,A andV are the catalyst surface area and the gas-
phase volume, respectively,∆rQs is the reaction heat release per area on the surface
(in J /m2), and∆rH the reaction enthalpy per mole in the gas phase (in J / mol).

0 = Aks(Ts) ∆rQs − αA (Ts − T )−K (Ts − T0) (2.56)

0 = V nk(T ) ∆rH + αA (Ts − T )− V̇ n cp ∆T. (2.57)
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Figure 2.2: Reactor stability diagram, showing the reaction heat release and heat re-
moval rate (red and blue curves, respectively) as a functionof the surface temperature
Ts. The reaction heat release is plotted as a generic inverse temperature exponential of
the formexp(−a/Ts), while the heat removal rates correspond a set of generic linear

functionsb Ts + c. (adapted from [41])

In the catalytic reaction regime the role of the catalyst is to provide alternative
reaction pathways. Catalyst activation energiesEs

act are usually smaller than in the
homogeneous phaseEact > Es

act, implying smaller catalyst ignition temperatures
T s

ign < Tign compared to the gas phase. Evidently, reactions on the catalyst surface
are limited by the rate at which reactants are transported tothe surface or at which
products can be transported away. Assuming a gas temperatureT < Tign, i.e. too low
to ignite gas phase reactions, one finds the the solution:

Aks(Ts) ∆rQs = K (Ts − T0) + V̇ n cp ∆T. (2.58)

The solution is a function of the catalyst temperatureTs only and can be represented
in a reactor stability diagram, in which the left- and right-hand side of the equation are
plotted (Figure 2.2). Operation is stable if the heat generated by reaction (left-hand side
equation) is removed by cooling and convection (right-handside equation). Intersec-
tions of the two graphs correspond to steady state conditions, referred to as kinetically
controlled at low temperatures (left graph) and mass transfer controlled operation at
high temperatures if catalyst reactions are ignited (rightgraph). For the middle graph
the reactor would operate in an unstable condition since there is not a singular sta-
ble operation point which leads to instationary behavior and oscillation of the reactor
temperature. Naturally, the reaction rate has also be convoluted by a rate limiting mass
transfer term, but despite the fact that mass transfer has not been included in this simple
model, it shows general operation conditions. In this case,the gas phase temperature
T = Ts − V̇ n cp ∆T/(αA) is generally smaller than the catalyst temperature.

In the catalytically supported homogeneous reaction regimeelevated temper-
atures may lead to the ignition of gas phase reactions. This results in the following
solution:

Aks(Ts) ∆rQs + V nk(T ) ∆rH = K (Ts − T0) + V̇ n cp ∆T (2.59)
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which is no longer a function ofTs alone and cannot be plotted in a simple way. This al-
ready indicates that operation in this regime may be more difficult to describe, let alone
mass transfer limitations which have not been accounted forhere. As a consequence,
in high temperature catalysis it is difficult to disentanglethe coupled homogeneous-
heterogeneous reactions.

Homogeneous-heterogeneous reactor dynamics have been studied experimentally
and analytically by references [41, 43, 44]. For instance inexperiments by [43, 44], a
stationary stagnation flow (which can conveniently be described by means of a stream
function depending on one spatial coordinate only) impinging on a platinum plate was
studied. The catalyst plate was resistively heated and the surface temperature was mon-
itored as a function of heating power for different fuel-to-air ratios (Figure 2.3 (a)). At
low heating power, surface temperature increases essentially linearly with power while
the surface is basically cooled convectively by the flow. At acertain power the sur-
face temperature increases rapidly due to heat release by exothermic surface reactions,
leading to a nonlinear increase (curves C and D). In this region a transition from a
kinetically limited reaction to a mass transfer limited reaction occurs. Under appropri-
ate conditions the state is a self-sustaining autothermal state which leads to hysteresis
effects when heating power is withdrawn. A further increaseeventually leads to ho-
mogeneous ignition. It is important to note that ignition, extinction, and autothermal
characteristics are observable only under consideration of both, homogeneous and het-
erogeneous reactions.
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2.4. Homogeneous-Heterogeneous Reactor Dynamics

Figure 2.3: Schematic representation of one-parameter (power) and two-parameter
(power and feed composition) bifurcation diagrams. Each curve of (a) is obtained
by varying power with all remaining parameters fixed. A family of curves, of which
four are shown, is generated by varying feed composition. The surface temperature
at the bifurcation and autothermal points for each one-parameter curve is plotted as a
function of feed composition to produce the two-parameter bifurcation diagram of (b).
(reprinted from [44] R.J. Olsen, W.R. Williams, X. Song, L.D. Schmidt, and R. Aris.
Dynamics of homogeneous-heterogeneous reactors. Chemical Engineering Science,
47(9-11):2505 - 2510, 1992. Twelfth International Symposium on Chemical Reaction

Engineering Today, with permission from Elsevier)
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Chapter 3

Methodology

3.1 Laser Spectroscopic Methods

Laser-spectroscopy methods have been applied for thermometry purposes as well as
for the detection of transient reaction intermediates, namely OH and CH2O.

3.1.1 Raman Scattering

Raman scattering is an inelastic scattering process in which the dipole radiation in-
duced by the incident electromagnetic field is modulated by the molecular motion. The
process is accompanied by a transfer of energy between the molecule and the incident
photon, and the wavelength of the scattered Raman signal is shifted by the vibrational
or rotational energy with respect to the excitation wavelength (Table 3.1 shows Raman
shifts and scattering cross-sections for selected species). The red-shifted bands are
called Stokes, while the blue-shifted band are named Anti-Stokes. An example for the
vibrational Stokes Raman spectrum of molecular nitrogen inambient air is shown in
Figure 3.1.

Despite theλ−4 dependence of the scattering intensity (cf. equation (2.15)) the
frequency doubled Nd:YAG line at 532 nm has been identified tobe the most suit-
able common laser wavelength for Raman scattering [45]. Forshorter wavelength
the signal-to-background ratio in fuel-rich flames is spoiled by the strong fluorescence
mainly from polycyclic aromatic hydrocarbons. Figure 3.2 shows Anti-Stokes and
Stokes Raman spectra of N2 in a stoichiometric methane-air flame. In the top spec-
tra, considerable amounts of chemiluminescence and laser-induced emission spoil the
spectrum. In order to compensate for the strong background signals it is possible to
take advantage of the polarization properties of the Raman signal. In one instance the
laser polarization has been set perpendicular to the detection optical axis (⊥), in the
other case it was adjusted to be parallel (||). In the parallel case the induced dipole
oscillation is parallel to the optical axis and since a dipole radiation in that direction
vanishes (cf. equation (2.11)) there is no Raman signal, while the background signal
remains. In fact, the signal does not vanish absolutely because the mean polariza-
tion tensor may have off-diagonal elements, however the depolarization ratio for small
molecules is usually very small (cf. Section 2.1.3 and [29]). The difference spectra are
shown in the bottom graphs of Figure 3.1. A clear vibrationalspectrum could thus be
recorded.
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Species Raman shift Raman cross-section Rayleigh cross-section

(cm−1) (cm2/sr x 10−30) (cm2/sr x 10−28)

H2 4156 1.10 1.32

H2O 3652 0.98 4.4

C2H4 3020 1.9

1623 0.76

CH4 3017 1.7 13.4

2917 2.65

CH3OH 2955 2.75 20.3

C3H8 2890 1.80 79.0

N2 2331 0.37 6.1

CO 2143 0.34 7.8

O2 1555 0.42 5.0

CO2 1388 0.46 14.0

1286 0.30

C2H6 993 0.6

Table 3.1: Vibrational Raman shifts for selected species, along with Raman and
Rayleigh cross-sections with respect to 532 nm excitation (adapted from [50] and [25]).

There are two ways to extract information about the vibrational temperature from
the Raman spectra [46, 47]. First, it is possible to compare the intensities of the Anti-
Stokes and Stokes band. This is because the Anti-Stokes bandarises only from elevated
states, while the Stokes band is dominated by the ground state population. It can be
seen in the Figure that the total intensity of the Anti-Stokes band is smaller than the
Stokes counterpart. The problem is that this technique requires a calibration constant
since the efficiency of the detection system may not be identical for both wavelengths.
However, in fact the same information about the vibrationalpopulation distribution is
also contained in either one spectrum. Due to anharmonicitythe upper vibrational Q-
branches are blue-shifted and one perceives the 1→0, 2→1 and even the 3→2 bands
in the spectrum. In Chapter 4 this has been used to measure thetemperature profile
in a stoichiometric methane-air flame. By using Boltzmann’sdistribution law (2.28),
the vibrational temperature is calculated from the vibrational band intensityIv (i.e. the
sum of all rotational lines within av + 1→ v band) [48]:

Iv+1→v ∝
(v + 1)

λ4
R Zvib

exp

(
−E(v)

kB T

)
(3.1)

v being the vibrational quantum number,λR the Raman wavelength,Zvib the partition
function, andE(v) the molecular energy term.

3.1.2 Laser-Induced Fluorescence (LIF)

A reactor for in-situ species and temperature profile measurements has been developed
by the group. In the current experimental setup gas phase composition and temperature
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Figure 3.1: Vibrational Raman spectrum of N2 in ambient air, showing the dominant
Q-branch (∆J = 0). The bottom plot shows the same spectrum on a different scaling
in order to bring out the rotational O- and S-branches (∆J = ±2), where the line
separation corresponds to four times the rotational constantB. The intensity alternation
of the branches is due to nuclear spin statistics [49]. The additional line appearing at
2295 cm−1 belongs to the 2→1 hot band. The broad feature at 2440 cm−1 (611 nm) is

presumably attributed to an Eu3+ transition of the laboratory lighting.
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Figure 3.2: Vibrational Anti-Stokes and Stokes Raman spectrum of N2 in a
methane/air flame. The top spectra show the polarized (⊥) and depolarized (||) spectra,
the difference spectra of which are shown in the bottom graphs. The laser power is at

10 W and the spectra were integrated over 4x25 seconds.
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Figure 3.3: OH potential energy diagram and LIF scheme. Typical rates for sponta-
neous emission areA = 1/τrad ≈ 106 s−1, collisional quenchingQ ≈ 109 s−1 in
flames at atmospheric pressure [51], predissociationP ≈ 1010 s−1 for v′ = 3 [52]

(Figure adapted from [53]).

are measured by means of a quartz capillary that can be traversed along the reactor axis.
The capillary houses a thermocouple for the temperature measurement and at the same
time allows for extraction of reaction gases through the capillary. The gases are then
analyzed using standard diagnostic methods, such as gas chromatography (GC) and
mass spectrometry (MS). Unlike stable reaction species, radicals are short-lived (such
as OH) and do not survive the sampling process. Other speciesare prone to dissolve in
water which in turn condenses in the tubing (such as CH2O) or the vapor pressure of
the species itself may be too low to guide the gases sample to the diagnostics.

Laser-induced fluorescence (LIF) spectroscopy is a commonly applied non-intrusive
and sensitive spectroscopic tool for detection of minor species. It is a resonant, inco-
herent1 method which works as follows: a laser pulse creates an electronic excitation
of one of the vibrational-rotational energy levels; this excitation is followed by the
emission of fluorescence photons at a unique wavelength, which are then detected.
As a first-order estimate the number density in the detectionvolume is assumed to be
proportional to the fluorescence signal. The process is illustrated in Figure 3.3, also
showing the non-radiative de-excitation channels, namelycollisional quenchingQ and
predissociationP .

A quantitative expression for the number of detected fluorescence photonsNph

which helps to understand the factors influencing the LIF process is:

Nph =
B12 Iν τ

c
n V fB(T )

︸ ︷︷ ︸
A21 τeff︸ ︷︷ ︸ (Ω/4π) η︸ ︷︷ ︸ (3.2)

whereB12 is the Einstein coefficient of absorption (in m3 Hz J−1 s−1), Iν the spectral
irradiance of the laser (in W / m2 Hz), τ the pulse length (in s),c the speed of light;

1In this context, incoherent refers to the uniform radiationin all directions, in contrast to coherent non-
linear optical techniques, such as Coherent Anti-Stokes Raman Spectroscopy (CARS), where the signal is
emitted in a laser-like beam of radiation.
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3.1. Laser Spectroscopic Methods

n is the number density of LIF molecule in the electronic ground state (1 / m3), V the
detection volume (in m3), fB(T ) the temperature-dependent Boltzmann fraction i.e.
the portion of molecules in the vibrational-rotational level being excited,A21 = 1/τrad

Einstein coefficient for spontaneous emission (in 1 / s) and the corresponding radiative
lifetime τrad, τeff the effective lifetime of the laser excited state (in s),Ω the collection
solid angle, andη the instrumental detection efficiency.

The expression constitutes three parts corresponding to the excitation-absorption
process, the fluorescence emission, and the detection system efficiency, respectively.
The spectral energy density isρν = Iν/c so that the first part of the right hand side
equationB Iν/c τ stands for the excitation probability of an individual molecule in
the radiation field. Hence, the whole expressionB Iν τ/c nV fB(T ) represents the
molecule-specific excitation-absorption characteristics and thus the actual number of
molecules being excited, in which the Boltzmann fraction isa function of temperature
T . Generally, it is possible to determine a vibrational-rotational ground state which is
to a large extent insensitive to temperature variations, that isfB(T ) ≃ const. for the
relevant temperature regime. The termAτeff , often referred to as the quantum yield
Φ, is a measure for the amount of fluorescence photons emitted per molecule excited
and accounts for non-radiative decay of the excited state, either by predissociation or
collision-induced intra- and intermolecular energy transfer. It is desirable to find an
excitation scheme which is little sensitive to non-radiative quenching, or a means for
compensation of its effect. The quantum yieldΦ may be in a first-order attempt written
as (with respect to Figure 3.3)

Φ = Aτeff =
A

A+Q+ P
(3.3)

whereP denotes the predissociation rate andQ the collisional quenching rate, the lat-
ter being a function of pressure and composition in particular. The last term(Ω/4π) η
corresponds to the efficiency of the detection system and is largely dependent on ex-
perimental conditions.

Hydroxyl Radical Laser-Induced Fluorescence

From a molecular point of view OH is a diatom characterized byan unpaired elec-
tron, while from a kinetic perspective it is an aggressive reaction intermediate; how-
ever, from the thermodynamic perspective it is an equilibrium product of considerable
amount at typical combustion conditions (Figure 3.4). It becomes evident why OH LIF
in combustion environments can be accomplished with relative ease, whereas detec-
tion of OH at fuel-rich conditions becomes challenging due to drastically decreased
concentrations.

OH probing is commonly done via the A2Σ ← X2Π band, i.e. the ground and
first excited electronic state.2 Brockhinke and co-workers [51] have measured time-
resolved fluorescence spectra, which nicely illustrate temporal and spectral evolution
of the fluorescence due to vibrational and rotational energytransfer (VET and RET)
within the OH molecule after excitation of a single state. VET and RET is the energy
redistribution among vibrational and rotational levels inthe same electronic state fol-
lowing excitation. In simple terms collisional quenching can be thought to decrease the

2Conventionally, for excitation as well as fluorescence transitions, the electronically excited vibrational
state is mentioned first, i.e. the 3-0 transition refers to theA2

Σ v′
= 3 and X2

Π v′′
= 0 system. The

excited fluorescence state A2
Σ is marked by one apostrophe while the initial level X2

Π is labeled by two
apostrophes.
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Figure 3.4: Equilibrium OH mole fraction and temperature as a function of CH4/O2

ratio (bottom axis) and equivalence ratioφ (top axis) in 80 % Ar.

overall fluorescence intensity due to non-radiative de-excitation (as represented by the
quantum yield equation (3.3)), and furthermore there also is a dependence on chemical
composition and temperature of the collisional bath and even with respect to the ex-
cited rotational states [54]. Multiple LIF excitation and detection schemes have been
reported which are more or less sensitive to collisional quenching, and yield stronger
or weaker signals depending on the vibrational-rotationalstate used for excitation and
detection. Reference [55] compared some of them in respect to signal strength and
quenching sensitivity for the OH radical. Though excitation and detection of the 0-
0 band is most efficient this scheme is disregarded here sincethe fluorescence signal
cannot be decoupled from elastic scattering effects. One particularity in OH is the exis-
tence of a predissociative vibrational state (v′′ = 3) which exhibits a short dissociation
lifetime compared to the lifetime at atmospheric pressure.Therefore the 3-0 scheme
is convenient since its dependence on quenching is drastically reduced. However, the
disadvantage is a significantly lower quantum yield. Excitation of the 1-0 band is the
most suitable excitation scheme for our purposes, with an excitation wavelength around
281 nm and detection in the 1-0 and 0-0 bands around 310 nm. Thefluorescence yield
is reasonable and the red-shifted detection allows effective decoupling from any elasti-
cally scattered radiation.

3.1.3 Resonance-Enhanced Multi-Photon Ionization (REMPI)

Resonance-Enhanced Multi-Photon Ionization (REMPI) takes advantage of intermedi-
ate energy levels to selectively ionize the molecule of interest. Selectivity is achieved
due to the resonant excitation of the intermediate energy level, following ionization by
absorption of an additional photon. Depending on the numberof photons need for the
resonantNr and the ionization transitionNi the REMPI process is labeledNr + Ni.
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REMPI transition Excitation wavelength

OH 2+1D2Σ− −X2Πi 2 x 243 - 247 nm

NO 1+1A2Σ+ −X2Πi 270 - 317 nm

2+2A2Σ+ −X2Πi 2 x 452 nm

CO 2+1B1Σ+ −X1Σ+ 2 x 230 nm

2+1C1Σ+ −X1Σ+ 2 x 217.5 nm

CH3 2+13p2A′′2 − X̃2A′′2 2 x 333.5 nm

2+14p2A′′2 − X̃2A′′2 2 x 286.3 nm

Table 3.2: REMPI transitions for some small molecules of interest in combustion stud-
ies (adapted from [64]).

REMPI enables the detection of absorbed laser photons by monitoring the ions which
can be collected very efficient, and therefore this ionization spectroscopy method rep-
resents a very sensitive detection method [56]. The ions maybe collected e.g. directly
by means of a high-voltage electrode [57, 58], in a mass spectrometer [59, 60, 61], or
by monitoring the microwave signal scattered by the free charge cloud [62, 63]. An
advantage of REMPI in combination with mass spectrometry isthat it yields fragment-
free mass spectra. Table 3.2 lists examples of REMPI transitions for small molecules
encountered in combustion studies.

3.2 In Situ Laser Diagnostics using Optical Fibers

Laser-spectroscopic methods, such as laser-induced fluorescence (LIF), allow detection
of transient species, at the expense of providing optical access to the system. However,
this is not always possible in practical systems. On this account fiber-optic probes have
been developed in order to establish minimal-invasive optical access to the system.

3.2.1 Optical Fiber Probes

Throughout the thesis different fiber probes were developedand tested. Figure 3.5
shows three different fiber geometries that were most promising for laser-induced mea-
surements in the gas-phase. The first fiber probe (a) consistsof a single fiber through
which the excitation light is delivered as well as fluorescence is collected. The ben-
efit of this geometry is a maximum collection efficiency. However, the disadvantage
is that the excitation laser induces scattering while passing through the fiber which
consequently reduces the signal-to-background ratio. This fiber probe was used in the
experiments presented in Chapters 4 and 5. The second probe assembly (b) consists
of an individual excitation fiber surrounded by a light-guiding capillary for collection
of the fluorescence. Since the delivery and detection channels are decoupled the scat-
tering background is minimized and the signal-to-background ratio is maximum. One
disadvantage, similarly to the single fiber, is the poor spatial resolution due to the elon-
gated collection volume. This probe was employed in the experiments described in
Chapter 6. The third geometry (c) constitutes a side-firing excitation fiber polished at a
45◦ angle [65]. The 45◦ interface gives rise to total internal reflection so that thelight
exits at right angles to the fiber axis. At the expense of a small collection efficiency
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100 µm 
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Figure 3.5: Fiber probe geometries. The dark shade represents those areas that are
illuminated by the laser excitation and from which fluorescence is is captured, i.e. the

effective collection volume.

this probe feature a well-defined detection volume and a highspatial resolution. How-
ever, the shaped fiber-tip is difficult to manufacture and mayeasily be damaged during
assembly.

3.2.2 Raman Thermometry through an Optical Fiber

In an analogous manner to the Raman thermometry method presented above (Section
3.1.1) and applied in Chapter 4, it was attempted to measure vibrational Raman spectra
through an optical fiber. Due to the small Raman scattering cross-sections the sin-
gle fiber probe (a) was used since it has the highest collection efficiency. The probe
molecule needs to feature a Raman shift which is large enoughso that the signal can be
spectrally separated from the fused silica Raman background. N2 Raman thermometry
should generally be possible but the fiber-coupler would need to be flushed with a gas
other than nitrogen, otherwise the ambient air Raman signalfrom the coupling-side
is indistinguishable from the Raman signal originating from the other end of the fiber.
Apart from this complication, our experiments were generally conducted in the absence
of nitrogen and therefore N2 thermometry was discarded. In principle, methane con-
stitutes an ideal marker molecule for thermometry in fuel-rich feeds since it is present
before as well as after the reaction in relatively larger amounts. Raman spectra of the
2917 cm−1 band were recorded, but unfortunately the temperature-sensitivity of that
Raman band is relatively weak and interpretation is not straightforward [66, 67].

3.3 Capillary Sampling

Sampling of the reacting gas mixture is accomplished by means of a fused silica cap-
illary that is traversable along the reactor axis and thus allows continuous sampling
of the reacting gas. When probing a reacting gas mixture one has to ensure rapid
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quenching of the chemical reaction in order to achieve an unbiased and representative
measurement at the probing position. This may be assured if either the sampling time
is short compared to changes in chemical composition, or if wall quenching by heat
or radical removal inhibits reaction progress. In the gas-phase OCM experiments, the
reaction timescale is usually on the order of 0.1 s while sampling occurs on a slightly
shorter timescale. As far as wall quenching is concerned Ref. [68] quotes experiments
on the quenching process of methane/oxygen flames between quartz walls heated up to
1000 K and report a quenching wall distance on the order of∼1 mm. Since the wall
distance in the present experiment is significantly smaller(∼45µm) it can be assumed
that due to quenching of the reaction on the capillary walls (i.e. by radical recombina-
tion) and the relatively rapid transfer process the unbiased composition of the reaction
gas is analyzed. One may ask whether the radical recombination to stable products
changes the overall mixture composition. However, even if concentrations of these un-
stable species were several orders of magnitude greater than their equilibrium values
at 1000 K, stable product concentrations would not be changed significantly by their
recombination [69].
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Chapter 4

Radical Detection in Harsh
Environments by Means of
Laser-Induced Fluorescence
using a Single Bidirectional
Optical Fiber

Abstract

A new experimental method is described enabling detection of hydroxyl radicals (OH)
by laser-induced fluorescence in high-temperature gas-phase reactions. This is accom-
plished by means of a bidirectional optical fiber probe, which is of interest for ap-
plications where optical access is limited. An optical setup that allows simultaneous
excitation and detection of fluorescence using one and the same fiber has been devel-
oped. Complications resulting from coupling as well as laser-induced scattering are
addressed, and different fibers are compared with regard to core material composition
and geometric collection efficiency. On this basis, a suitable fiber is identified, and OH
detection and profile measurements are demonstrated in a premixed laminar flame as
reference experiment.

4.1 Introduction

Free radicals play a fundamental role in reaction kinetics underlying combustion, plasma
chemistry, as well as atmospheric chemistry. Detection of radical species is challeng-
ing because of their high reactivity and ppm to ppb concentrations levels, but can

This chapter is adapted from a research article by Heiner Schwarz, Robert Schlögl, Raimund Horn.
Radical detection in harsh environments by means of laser-induced fluorescence using a single bidirectional
optical fiber. Applied Physics B, 109(1): 19-26, 2012. DOI: 10.1007/s00340-012-5172-9. The final publica-
tion is available at http://link.springer.com/article/10.1007/s00340-012-5172-9.
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4. Radical Detection in Harsh Environments

be accomplished by laser-spectroscopic methods such as cavity ring-down absorption
spectroscopy (CRDS) or resonance-enhanced multiphoton ionization (REMPI) [64].
A shortcoming of these techniques is the requirement that the measurement has to be
performed in an optical cavity in the case of CRDS [70], or theinsertion of an ioniza-
tion probe [57] or a molecular beam nozzle [61] into the reaction medium in REMPI
measurements.

Laser-Induced Fluorescence (LIF) is a spectroscopic method that features high sen-
sitivity and potential for in-situ quantification [25, 71].In LIF the laser wavelength is
tuned to a species-specific rovibronic transition of the atom or molecule of interest,
which is elevated to an excited electronic state and might - after having undergone
collision-induced intra- or intermolecular energy transfer processes - eventually emit
a fluorescence photon. The fluorescence signal may be considered proportional to the
species’ number density if quenching or predissociation effects are accounted for.

In many applications the use of LIF is hindered by the necessity for optical ac-
cess to the system. The common detection arrangement necessitates at least two op-
tical ports, which cannot always be provided. As representative examples one might
imagine a reactor the walls of which consist of catalytically active (intransparent) ma-
terial, a reaction chamber encapsulated by a furnace, or high pressure internal combus-
tion engines. An alternative to direct optical access is an optical fiber which can be
used for minimally-invasive in-situ detection even under harsh conditions. An example
for recent experiments is a LIF sensor integrated in a spark plug in order to monitor
the mixing process prior to ignition in an internal combustion engine via tracer LIF
[72]. Though the excitation and fluorescence light are separately guided through op-
tical fibers, eventually, optical access is again provided by miniature viewports in the
sensor head, and the authors outline the optimization of theoptical design with respect
to collection efficiency.

In contrast the present approach regards the optical fiber asa probe itself. Since
common fused silica fibers are chemically inert and show hightemperature resistivity,
they may be regarded as truly minimally-invasive probes andcan be inserted directly
into harsh reactive environments. There have been reports on the design and optimiza-
tion of fiber-optic probes for (Raman-) measurements comprising separate fibers for
delivering the excitation laser and collecting the scattered radiation [73]. It is pointed
out that a single fiber “bidirectional probe design should behighly efficient since the
excitation and collection light cones overlap completely”but the option is dismissed
due to the amalgamation of the exciting and collected radiation. This aggravation is
certainly a major concern when Raman scattering is being probed since the signal is
inherently weak, and spectral decomposition of fiber-induced Raman scattering and
desired Raman signal may not be possible. In contrast, fluorescence transitions may
readily be found which are red-shifted beyond the vibrational Raman signature of the
light-guiding material (i.e.> 1000 cm−1) enabling spectral decoupling.

To the knowledge of the authors this is the first demonstration of experiments in
which a single optical fiber is used for bidirectional LIF excitation and detection under
harsh conditions.

In what follows we describe LIF detection using an optical fiber probe in a bidi-
rectional manner and demonstrate LIF hydroxyl radical (OH)detection in a reference
experiment. Section 4.2.1 outlines experimental details of the reference experiment,
i.e. the premixed laminar flame, where quantitative OH concentration have been de-
termined using a combination of conventional OH LIF and vibrational Raman scatter-
ing. Section 4.2.2 describes the optical setup for simultaneous coupling and detection
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of laser-induced fluorescence, and discusses complications arising from laser-induced
scattering of high-energy laser pulses through optical fibers. Section 4.3 focuses on the
numerical determination of the collection efficiency and the effective detection volume
of bidirectional fiber probes based on simple geometric considerations. Results are dis-
cussed in Section 4.4, and first successful fiber probe OH-LIFdetection is demonstrated
in the premixed laminar flame, which shows good agreement with the conventional de-
tection scheme.

4.2 Experimental

4.2.1 Characterization of Laminar Premixed Flame

A laminar premixed stoichiometric methane-air flame was used to generate OH radicals
and served as a reference experiment. The atmospheric premixed flame was anchored
at the outlet of a 6 mm tube, which could be shifted verticallyrelative to the optic
axis. Axial reference profiles of OH concentration and temperature along the burner’s
symmetry axis in the exhaust fume region were measured by means of LIF and vibra-
tional Raman scattering using a conventional lens-type optical setup. Thermodynamic
equilibrium considerations allow for quantification of OH concentrations based on the
local temperature in the post-reaction zone.

OH-LIF The hydroxyl radical features electronic transitions in the ultraviolet spec-
tral region and has thus been excited using a frequency-doubled dye laser (Sirah,
Cobra-Strech), which is pumped by the second harmonic of a Q-switched Nd:YAG
laser (Spectra-Physics, Quanta-Ray). Typical dye-laser pulses are characterized by a
pulse length of∼8 ns, a pulse energy of∼1 mJ, and a nominal fundamental linewidth
of 0.06 cm−1. The system was tuned to the OH Q1(8) transition of the A2Σ - X2Π
(1-0) band at 283.553 nm (air) which shows only a weak temperature-dependence with
respect to the Boltzmann fractionfB(T ) for the expected temperature range [74]. Off-
resonant detection of the 1-1 and 0-0 bands at 306-325 nm allows spectral separation of
elastically scattered light of the excitation laser. In thereference experiment setup (Fig-
ure 4.1 top) the LIF laser is reflected by a longpass dichroic mirror (DM) and focused
by a 15 mm lens (L, f-numberf# = 1.5) into the flame detection volume (DV). The
fluorescence is collected by the same lens in a collinear manner, and after having passed
the dichroic mirror, it is focused onto a fiber bundle coupledto a grating spectrometer
(SP). The dispersed light is captured on a conventional CCD without possibility for
fast gating (hence the minimal exposure is set by the readouttime, 16 ms). Typically
1000 individual shots were recorded. The chemiluminescence-corrected (due to the
long exposure) LIF intensity may be assumed to be a measure for the OH number den-
sity. The resulting OH concentration profile above the flame’s reaction cone is shown
in Figure 4.2 (blue markers). Quantification is obtained by temperature measurements
explained in the next section.

Raman Temperature Measurements In measurements conducted by Battles et al.
[75] it was shown that local OH concentrations may be correlated to the local temper-
ature by assuming thermodynamic equilibrium, an assumption valid in the product-gas
plume behind the luminescent reaction zone of the flame. In order to calculate the
equilibrium composition the local temperature was measured by means of vibrational
Raman scattering. Lapp et al. [76, 46] suggest several methods to deduce temperature
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from vibrational Raman signatures of nitrogen in air-fed flames. The same detection
setup as described in the previous paragraph (and shown in Figure 4.1 top) was thus
employed, but a continues-wave Nd:YVO4 laser (Coherent Verdi V10, 532 nm) was
used providing a 7 W beam at right-angles to the collection optics, and N2 spectra
were recorded for exposure times of 30 seconds. Using a continuous-wave source un-
der steady-state conditions permits high laser powers to beused without risk of induc-
ing optical breakdown or the need for pulse stretching. The polarization plane could
be rotated using aλ/2-plate which allows for polarization-separated measurements as
proposed by Gruenefeld [77]. Raman scattering occurs predominately perpendicular
to the laser’s polarization direction. If the laser-polarization is tuned to be parallel to
the detection optical axis no Raman signal is captured whileunpolarized fluorescence
and chemiluminescence is seen (Figure 4.3 top). The difference spectrum yields the
pure Raman signal (Figure 4.3 bottom). The vibrational Raman temperature was then
determined by comparing the area of the 1← 0 band to the 2← 1 band and using
Boltzmann statistics. The integral Raman vibrational bandintensityIv (i.e. the sum of
all rotational lines within av + 1← v band) is [48]:

Iv+1←v ∝
(v + 1)

λ4
R Qvib

exp

(
−E(v)

kB T

)
(4.1)

v being the vibrational quantum number,λR the Raman wavelength,Qvib the partition
function, andE(v) the molecular energy term.

The resulting temperature profile is also depicted in Figure4.2 (red markers) to-
gether with the OH concentration. The experimentally determined temperature maxi-
mum of∼2200 K agrees well with the expected adiabatic flame temperature. To obtain
local OH concentrations for calibration thermodynamic equilibrium calculation were
performed with CHEMKIN [78] based on the standard thermodynamic database pro-
vided with the program (v. 4.0).

4.2.2 Fiber Coupling and Laser-Induced Scattering

When optical fibers are used to transmit high power pulsed laser (UV-)radiation cou-
pling, transmission attenuation and inelastic scatteringof the fiber material need to be
taken into consideration.

The bottom part of Figure 4.1 shows the optical setup adaptedfor bidirectional fiber
coupling and detection, which is a modification of the arrangement described in the first
section. The coupling lens is chosen such that the numericalaperture (NA) given by
its focal length and the laser diameter corresponds to the numerical aperture NA of the
fiber. At the same time, this assures that the fluorescence response returned through the
fiber is completely captured. A tri-axial fiber coupler stagepermits positioning of the
fiber end-face.

Coupling high-intensity laser-pulses into optical fibers may lead to surface or bulk
breakdown processes of the fiber material, such as optical breakdown occurring at the
fiber entrance or exit surface [79], or re-imaging of the focal point within the fiber
leading to bulk damage [80, 81]. Also optical breakdown of the gas-phase in front
of the fiber surface would spoil every spectroscopic investigation, as the waist of the
Gaussian beam is on the order of several microns, resulting in high peak intensities
for pulsed lasers. With respect to this problem the focal spot intensity distribution was
homogenized using a micro-lens array (LA in Figure 4.1) designed to yield an almost
flat-top intensity distribution and a focal waist of the sizeof the fiber diameter [79].
The fiber end-faces were polished using 1µm polishing paper.
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Figure 4.1: Schematic representation of optical setup for conventional LIF and Ra-
man measurements (top), and bidirectional fiber coupling and detection (bottom): DM
dichroic (longpass) mirror, L lens, LA micro-lens array, P power-meter, F fiber, DV

detection volume, SP spectrometer.

20 30 40 50
0

2

4

6

8

10
x 10

15

Height above burner (mm)

O
H

 n
um

be
r 

de
ns

ity
 (

cm
−3

)

 

 

20 30 40 50
1400

1600

1800

2000

2200

2400

T
em

pe
ra

tu
re

 (
K

)

Conv. LIF
Fiber LIF
Temp.

Figure 4.2: Left axis: OH number density profiles using conventional lens-type LIF
(blue crosses) and fiber probe LIF (green pluses with error bars). Conventional mea-
surement error bars of similar order as for fiber probe but omitted for clarity. Right

axis: Raman temperature profile (red circles). Lines are exponential fits.

51



4. Radical Detection in Harsh Environments

2000 2100 2200 2300 2400 2500

800
1000
1200
1400
1600
1800

C
ou

nt
s

 

 
Perpendicular pol.
Parallel pol.

2240 2260 2280 2300 2320 2340

0

100

200

300

400

Wavenumber (cm −1)

C
ou

nt
s

 

 
N

2
 Stokes Raman band

Figure 4.3: Top: Spectrum with laser polarization perpendicular (including Raman
signal) and parallel (only fluorescence and chemiluminescence) to the detection optical
axis. Bottom: Difference spectrum featuring the pure Ramansignature of N2. Three
vibrational bands are perceptible, corresponding tov = 1← 0, 2← 1, and 3← 2 (from

right to left).

Step-index multimode fibers made of fused silica (SiO2) with fluorine-doped clad-
dings are commercially available and suitable for UV transmission. They posses high
damage threshold intensities, and are characterized by their OH-content (referred to
as high-OH and low-OH) as well as the amount of trace impurities. High-OH fibers
show better UV-transmission characteristics than those with low OH-content. The fiber
material’s inherent, fabrication-induced impurities anddefects may lead to undesired
fluorescence, additional Raman bands, color-center formation, and photodegradation
effects [82, 83, 84, 85]. Stimulated Raman scattering and non-linear effects become
important only for longer fibers or higher laser intensities[84].

In Figure 4.4 the back-scattering spectra of two fibers characterized by low and
high OH-content are shown. Both samples have the same geometrical properties (core
diameter of 500µm, length 1 m) and comparable pulse-energies are transmitted (indi-
cated in the legend) at a laser wavelength of 280 nm. The Ramanspectrum of vitreous
fused silica features phonon and defect bands at wavenumbers< 1200 cm−1 (corre-
sponding to 290 nm here)[82]. These are to a large extent blocked by the dichroic
mirror but are still clearly seen for both fiber types. Above 300 nm (corresponding to
2400 cm−1) two distinct features are observed. The high-OH fiber has a nearly feature-
less spectrum except for a dominant peak around 312 nm (Ramanshift 3714 cm−1,
FWHM 112 cm−1) which is to be attributed to the vibrational Raman band of the OH-
groups [82]. Naturally, the OH Raman peak is red-shifted by the same frequency from
the excitation wavelength as the OH fluorescence band (ωe = 3738 cm−1 in the OH
X2Π state) and thus interference renders the high-OH fiber less suitable with respect
to the detection of OH radicals. On the other hand the low-OH fiber is characterized
by broadband features the origin of which have not been unambiguously identified but
might be attributed to fluorescence by trace species originating from the production
process or color-center formation upon high-power UV transmission [84, 85]. It has to
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Figure 4.4: Laser-induced scattering for high- and low-OH fiber (core diameter
500 µm, length 1 m) induced by 280 nm laser pulses. The legend includes the re-

spective transmitted pulse energies.

be mentioned that scattering depends strongly on accurate coupling alignment indicat-
ing that also the high-index fiber cladding (usually F-dopedsilica) may contribute to
characteristic spectral features.

The same characteristic fiber scattering spectra (i.e. prominent OH Raman peak
for high-OH fibers, and broadband fluorescence for low-OH fibers) have also been
observed for excitation at 355 nm.

4.3 Geometrical Considerations on Collection Efficiency

On the one hand it is desirable to predict the detection efficiency’s dependance on fiber
parameters (like fiber diameter or numerical aperture), as well as to assess the size of
the detection volume and the spatial resolution. On the other hand one would like to
compare quantitatively the detection efficiency of an optical fiber probe to a conven-
tional lens-type optical setup. The following section outlines an approach to describe
the irradiance distributionI(x), and the detection solid angle fieldΩ(x) of an optical
fiber and to determine numerically the collection efficiencyΓ which is going to be de-
fined in Equation (4.2)).

An expression for the number of fluorescence photonsNph upon laser-excitation
may be given by

Nph =
B12 Iν τ

c
n V fB(T ) A21 τeff

Ω

4π
(4.2)

where for simplicity a two-level system is assumed, andB12 is the Einstein coefficient
of absorption (in m3 Hz J−1 s−1), Iν the spectral irradiance of the laser (in W m−2

Hz), τ the pulse length (in s),c the speed of light;n is the number density of the
probed molecule (here OH) in the electronic ground state (inm−3), V the detection
volume (in m3), fB(T ) the temperature dependant Boltzmann fraction, i.e. the portion
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of molecules in the rovibronic level being excited,A21 = 1/τrad Einstein coefficient
for spontaneous emission (in s−1) with radiative lifetimeτrad, τeff (in s) is the effective
lifetime of the laser excited state accounting for non-radiative decay (quenching and
predissociation), andΩ the collection solid angle.

Equation (4.2) holds for an infinitesimal volumedV and hence the total number
of fluorescence photons collected for an arbitrary optical system is found by spatial
integration

Nph =

∫

V

dNph =

∫

V

∂Nph

∂V
dV (4.3)

where∂Nph/∂V = B I τ c−1 n fB Aτeff (Ω/4π) is readily found from Equation (4.2).
In a homogenous environment the only parameters showing a spatial dependance are
I(x) andΩ(x)/4π if absorption is neglected for the time being. It is convenient to
assume cylindrical coordinatesx(r, ϕ, z) so that we can define the detection efficiency

Γ :=

∫

V

I(x)
Ω(x)

4π
dϕ r dr dz (4.4)

as a quantitative measure for the number of collected photons for different optical se-
tups (for convenience we only consider the irradianceI instead of the spectral quantity
Iν).

Fiber Probe Collection Efficiency A first-order estimate for the radiation fieldI(x)
behind the fiber endface is found by assuming the light emanates from a point source
(i.e. I(x) = C/x2) and is isotropically distributed over the solid angle defined by
the numerical apertureΘNA = arcsin(NA). According to Gauss’ divergence theorem
integratingI(x) over a closed surface yields the total radiative powerP within the
volume enclosed by the integration surface, i.e.P =

∫
I(x) dS. After integration

overΘNA the constant is found to beC = P / 2π(1 − cos θNA) so that the radiation
field can be readily expressed as

I(x) =
P

2π(1− cos θNA) x2
. (4.5)

Determining the effective collection solid angleΩ(x) of the fiber is a purely ge-
ometrical problem. The solid angle of an arbitrary surfaceS seen from a pointx in
space may be defined as

Ω(x) =

∫

S(x′)

X · dx′

X3
. (4.6)

The integration is performed overS(x′) with dx′ = nS dS(x′) normal toS(x′) and
X = x′ − x. In the present consideration the surfaceS corresponds to the fiber
end-face.

Optical rays impinging on the surface at an angle which is greater than the crit-
ical acceptance angle of the optical fiberθNA will be reflected and not contribute to
the effective collection solid angle. In mathematical terms this condition is readily
expressed in terms of the angle∠(X, dx′), i.e. only if ∠(X, dx′) < θNA does the
surface elementdx′ contribute to the integration. Thus, we may rewrite Equation (4.6)
as a conditional integral:

Ω(x) =

∫

S

X · dx′

X3
.

∠(X,dx′) < θNA

(4.7)
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Figure 4.5: Irradiance fieldI(x) (top), and effective collection solid angle distribution
Ω(x) (bottom) in cylindrical coordinates (radial coordinatedr and axial coordinatedz.

Fiber parameters: numerical aperture NA = 0.22 and diameterDfiber = 500µm.

Knowledge ofI(x) andΩ(x) (Figure 4.5) now allows for determining the effective
detection volume and the collection efficiencyΓ by means of evaluating integral (4.4).

Conventional Lens-Type Collinear Detection It is of interest to compare the above
result to the collection efficiency for a conventional LIF arrangement such as the lens-
type collinear setup presented in the prior Section 4.2.1. This may be accomplished
by considering that the collection solid angle is essentially constant over the detection
volume seen by the collection lense (i.e.Ω(x) = Ω0 = const) so that

Γ =

∫

V

I(r, z)
Ω0

4π
dϕ r dr dz =

Ω0

4π

∫ af/Dlens

z=−af/Dlens

∫ ∞

r=0

∫ 2π

ϕ=0

I(r, z) dϕ r dr dz. (4.8)

The inner two integrals corresponds to the radiant powerP which is constant along the
optical axisz, and the integration alongz may as a first order estimate be performed
over the depth of field2 a f/Dlens (a detection aperture,Dlens diameter of the lens).

4.4 Results

4.4.1 Collection Efficiency and Detection Volume of Bidirectional
Fiber

In Section 4.3 the fiber’s excitation and detection distribution were determined, shown
in Figure 4.5, so that the resulting detection efficiencyΓ may be evaluated for different
fiber geometries. It turns out thatΓ/P (normalized by the total radiant powerP )
amounts to∼ 1× 10−5 m for the fiber dimensions used in experiments presented here
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Fiber type Diameter NA Etrans Γ/P EtransΓ/P

(µm) (mJ) (105 m) (105 mJ m)

LMA-PCF 15 0.04 0.004 0.007 0.00003

SMF 3.5 0.13 0.002 0.005 0.00001

All-silica MSIF 200 0.22 0.5 0.5 0.3

All-silica MSIF 550 0.22 2.2 1.4 3.1

MSIF 400 0.37 0.5 1.7 0.9

MSIF 600 0.37 1.5 2.6 3.9

MSIF 800 0.37 2.9 3.5 10.1

MSIF 1000 0.37 3.9 4.3 16.9

Table 4.1: Threshold transmitted pulse energiesEtrans and overall detection efficien-
cies for various fiber types and sizes. Data forEtrans corresponds to 150 ps pulses at
532 nm and is adapted from [86]. The normalized detection efficienciesΓ/P for the

respective fiber parameters were numerically determined asdescribed in the text.

(NA = 0.22 and diameterDfiber = 500µm). It is of interest to compare this value to
the collection efficiency for a conventional LIF arrangement such as the collinear setup
presented in Section 4.2.1. This results inΓ/P = 4× 10−5 m for the presented optical
setup. This implies that we can expect LIF intensities of thesame order of magnitude
for the lens-type LIF reference experiment as for the fiber probe measurements which
is confirmed by results presented below.

Evaluation of integral (4.4) further yields that 50 % of the LIF signal is collected
from an area within a distance of 1.0 mm from the fiber endface.This corresponds
roughly to the length of the cone of maximum collection solidangle given byD/2 tan θNA

= 1.1 mm. At the same time 90 % of the LIF photons are collected from an area within
6.4 mm distance from the fiber face. The detection volume and the spatial resolution
is hence in the range of several mm and scales as the fiber diameter. Calculations also
have shown that the collection efficiencyΓ scales linearly with increasing fiber diame-
ter as well as typical numerical apertures NA (multi-mode step index fiber (MSIF) with
non-silica cladding NA = 0.37, all-silica MSIF NA = 0.22, single-mode fiber (SMF) NA
= 0.13, and large mode-area photonic crystal fiber (PCF) NA = 0.04).

Apart from the fiber diameter’s influence on collection efficiency one has to con-
sider that thinner fibers permit less transmitted radiant power P due to the core ma-
terial’s threshold damage. Hence, it can be expected thatP is roughly inversely pro-
portional to the square of the fiber diameterDfiber. This leads to the conclusion that
the number of detectable fluorescence photonsNph ∝ P Γ scales asD3. This trend is
confirmed by including results of the measurements conducted by Hsu et al. [86] who
have investigated damage thresholds of various fiber types and sizes (Table 4.1). The
D3 scaling is confirmed for fibers of which different sizes have been investigated, i.e.
the multi-mode fibers. It can also be seen that single-mode and large mode-area pho-
tonic crystal fibers, which are both characterized by a small(mode-)core diameter, are
less suitable due to their small collection efficiency as well as attainable pulse energy.
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4.4.2 LIF OH Detection using Bidirectional Fiber Probe in Harsh
Environment

In Section 4.2.1 conventional measurements of the OH concentration and temperature
profiles in a stoichiometric methane-air flame were outlined. OH LIF was also per-
formed using the fiber probe technique described above by traversing the fiber endface
perpendicular to the flames’s symmetry axis. Figure 4.6 shows the OH LIF spectra
(A2Σ - X2Π 1← 1 and 0← 1 band) for the two LIF arrangements, as well as the
non-resonant fiber scattering background (dashed lines). Three conclusions may be
drawn: first, the OH LIF spectrum is unaffected by the presence of the fiber probe,
meaning that quenching effects are not observed in the spectrum; second, the inelastic
fiber scattering, which was the same when the fiber was inside or outside the flame, is
exceeded by the OH LIF signal; third, one finds a comparable LIF signal intensity - the
conventional LIF spectrum being scaled by factor of 1/2 in the figure - for both optical
arrangements as predicted by the above collection efficiency considerations.

The OH concentration gradient was scanned using the fiber probe, the outcome of
which is included in Figure 4.2. The OH profile is resolved andin good agreement
with the reference experiment. The relatively large error bars of the LIF measurements
shown for the fiber in Figure 4.2 (conventional measurement error bars of similar order
but omitted for clarity) are due to flame fluctuations and shot-to-shot fluctuations of the
laser which could not be corrected for by the averaging power-meter used.

At first glance, it might be surprising that the fiber withstands the excessive flame
temperatures. This may be explained by assuming an equilibrium between convective
heat transferQ̇conv = αA (T − Tgas) from the hot product gases to the fiber, and
heat losses due to conductionQ̇cond and radiative coolinġQrad = ε σ A (T 4 − T 4

0 ) (σ
is the Stefan-Boltzmann constant). An emissivity of 0.9 hasbeen assumed for fused
silica, and the heat transfer coefficientα has been evaluated from a Nusselt number
correlation of the flow field (cylinder in cross flow). It turnsout that conduction losses
are negligible and an equilibrium temperature ofT ∼1400 K is found. Nevertheless
the physical intrusion of the fiber close to the reaction zonedisturbs the flow field and
thus the flame cone which causes slightly biased results at low heights.

4.5 Conclusion

Detection of OH LIF has been demonstrated using a bidirectional fiber probe technique
with the potential for minimally-invasive measurement under harsh conditions. Refer-
ence experiments have been performed (OH-LIF and Raman) in order to characterize
a stoichiometric methane-air flame serving as a reference experiment. An optical setup
has been presented which permits simultaneous coupling into the fiber and detection
of the backscattered fluorescence signal. The detection efficiency and the dimensions
of the sample volume have been characterized numerically using geometrical consid-
erations. All-silica optical fibers may be found which are suitable for simultaneous
UV-radiation transmission and detection of fluorescence, which is red-shifted beyond
the vibrational Raman signature of the fiber (i.e.> 1000 cm−1). OH LIF was detected
and the OH concentration profile in a laminar premixed flame could be reproduced.
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Figure 4.6: OH LIF spectrum of fiber probe and conventional lens-type optical setup
LIF spectrum (scaled by a factor of 1/2 and shifted for clarity). The dashed line is
the background including chemiluminescence and fiber scattering. For fiber probe LIF

measurements a low-OH fiber was used.
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Chapter 5

Fuel-Rich Methane Oxidation in
a High-Pressure Flow Reactor
studied by Optical-Fiber
Laser-Induced Fluorescence,
Multi-Species Sampling Profile
Measurements and Microkinetic
Simulations

Abstract

A versatile flow-reactor design is presented that permits multi-species profile measure-
ments under industrially relevant temperatures and pressures. The reactor combines
a capillary sampling technique with a novel fiber-optic Laser-Induced Fluorescence
(LIF) method. The gas sampling provides quantitative analysis of stable species by
means of gas chromatography (i.e. CH4, O2, CO, CO2, H2O, H2, C2H6, C2H4), and
the fiber-optic probe enables in situ detection of transientLIF-active species, demon-
strated here for CH2O. A thorough analysis of the LIF correction terms for the temperature-
dependent Boltzmann fraction and collisional quenching are presented. The laminar
flow reactor is modeled by solving the two-dimensional Navier-Stokes equations in
conjunction with a detailed kinetic mechanism. Experimental and simulated profiles
are compared. The experimental profiles provide much neededdata for the continued

This chapter is adapted from the author’s version of a manuscript by Heiner Schwarz, Michael Geske,
C. Franklin Goldsmith, Robert Schlögl, Raimund Horn, which was accepted for publication in Combustion
and Flame, Elsevier (http://www.journals.elsevier.com/combustion-and-flame/). Changes resulting from the
publishing process may not be reflected in this document. A definitive version will be subsequently published
in the journal.
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5. Fuel-Rich Methane Oxidation in a High-Pressure Flow Reactor

validation of the kinetic mechanism with respect to C1 and C2 chemistry; additionally,
the results provide mechanistic insight into the reaction network of fuel-rich gas-phase
methane oxidation, thus allowing optimization of the industrial process.

5.1 Introduction

Owing to the predicted depletion of petroleum reserves, thetransformation of natural
gas (i.e. methane) into value-added chemical products is ofgrowing interest for the
chemical industry. Conventional approaches rely on indirect conversion via synthesis
gas production (from steam reforming, CO2 reforming or partial oxidation), followed
by a gas-to-liquid process, but these multi-step processesare particularly capital inten-
sive. Therefore, the direct conversion of methane to ethylene, methanol or formalde-
hyde is economically more favorable [87, 11].

Oxidative Coupling of Methane (OCM) could be a desirable direct conversion route
in which methane is transformed into ethylene under fuel-rich conditions (CH4/O2 = 2
- 8, or an equivalence ratioφ = 4 - 16) at temperatures around 1000 K and pressures
up to 30 bar. It has been suggested in the literature that the OCM reaction proceeds
via a homogeneous/heterogeneous coupled mechanism [88, 22]. According to this
model, methane is first activated on the catalyst, and the resulting methyl radical des-
orbs. Two gas-phase methyl radicals combine to form ethane,which is subsequently
dehydrogenated to ethylene. In fact, OCM can occur even without a catalysts, albeit
with very low selectivity [89, 90, 23, 91]. Although the exact role of oxygen in the
homogeneous/heterogeneous mechanism is unclear, it is known that small concentra-
tions of oxygen are necessary for OCM. If the concentration of oxygen is too high,
however, the C2 products will be oxidized, thereby decreasing the yield. Computa-
tional engineering will play a key role in the optimization of the reactor design, catalyst
choice, and operating conditions. An essential component of this approach includes
detailed models that describe the coupling between fluid mechanics and the kinetics
of elementary surface and gas phase reactions. The predictive utility of these models
depends upon the accuracy of the underlying rate coefficients for the elementary re-
actions. These kinetic1 mechanisms are often tested against experimental data taken
under low-pressure and/or highly dilute conditions. A moredesirable approach would
be to validate the mechanisms against data taken under industrially relevant conditions,
since it requires less extrapolation, but this approach canwork only if the flow field and
chemistry can be modeled simultaneously in a rigorous yet computationally efficient
manner. This manuscript presents an experimental apparatus designed precisely for
this purpose and the accompanying kinetic simulations.

Gas-phase Oxidative Coupling of Methane was studied in a novel, versatile flow
reactor designed for spatially resolved kinetic profile measurements under homoge-
neous (and/or catalytic) conditions, with temperatures upto 1300 K and pressures up
to 45 bar [92]. The reactor features a sampling capillary through which a small frac-
tion of the reacting gas mixture is transferred to quantitative gas analytics, e.g. a mass
spectrometer (MS) or a gas chromatograph (GC). Complementarily, a recently devel-
oped fiber-optic Laser-Induced Fluorescence (LIF) method [93] was applied for in situ
detection of CH2O, which is an important intermediate in the oxidation process. It is
worth emphasizing that the reactor does not require opticalviewports; optical access

1Mechanisms of elementary rate constants are commonly referred to as “microkinetic” in the catalysis
community, whereas the preferred term in gas-phase chemistry is “detailed kinetics” or “elementary kinet-
ics”.
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is provided only via the novel fiber-optic LIF probe. This technique is of particular
interest for applications where optical access is limited (e.g. high-pressure reactors or
internal combustion engines).

Section 5.2.1 describes the experimental design of the profile reactor, in particular
the sampling process as well as the temperature and species analysis. Section 5.2.2
outlines the optical setup of the fiber-endoscopic LIF method, and Section 5.2.3 details
the corrections necessary to derive relative concentration measurement from the LIF
data, including collisional quenching and the temperature-dependance of the exited
state populations. Section 5.3 describes the reactor modeling using Computational
Fluid Dynamics (CFD) and the required reduction procedure of the kinetic mechanism.
In Section 5.4 the results of experiment and simulation are presented and discussed,
followed by a kinetic description of the elementary reaction steps.

5.2 Experimental Methods

5.2.1 Profile Reactor Measurements

A detailed description of the reactor design is given in [92]; the essential features of the
profile reactor are schematically summarized in Figure 5.1.The flow reactor consists
of a cylindrical fused-silica tube of 18 mm inner diameter and 10 mm thick walls. It is
enclosed by an electrical furnace (not shown in the drawing), the temperature of which
is monitored using a thermocouple. The gas flow is regulated by calibrated mass-flow
controllers for CH4, O2, and Ar/He mixture (8 vol-% He in Ar, serving as internal
standard and carrier gas for the analytics).

Sampling of the reacting gas mixture is accomplished by means of a fused-silica
capillary (outer diameter 652µm). The capillary is translated along the reactor axis
allowing continuous sampling of the reacting gas mixture and thus a determination
of the chemical composition as a function of position. A K-type thermocouple can
be inserted in the capillary void, additionally providing information about the axial
temperature profile. Anα-alumina foam (80 pores per linear inch) provides mechanical
stability for the sampling capillary and allows efficient preheating of the gas stream
prior to entering the free gas-phase region. The sampling rates (∼10 ml/min) are
adjusted such that they are considerably smaller than the total flow rate, so that (i)
the flow remains largely unaffected from the sampling and (ii) the sampling volume
remains small. It was verified experimentally and numerically (i.e. by CFD simulations
of the sampling process) that the spatial resolution is on the order of several hundreds
of microns so that profile gradients are not limited by the spatial resolution of the
technique.

When probing a reacting gas mixture one has to ensure rapid quenching of the
chemical reaction in order to achieve an unbiased measurement at the probing posi-
tion. This may be assured if either (i) the sampling time is short compared to changes
in chemical composition (i.e. rapid extraction), or if (ii)heat or radical removal by
collisional wall-quenching inhibits reaction progress. In our experiments, the reaction
timescale is on the order of 0.1 s while sampling occurs on a slightly shorter timescale,
so that the first condition may not suffice to justify unbiasedsampling. However,
quenching distances of∼1 mm between silica walls, even when maintained at 1000 K,
are generally sufficient to suppress a reaction [68]. Since in the present experiment the
wall distance inside the capillary is much smaller (∼100µm) it can be assumed that
thanks to wall-quenching (i.e. by radical recombination) an unbiased composition of
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Figure 5.1: Reactor design. The electrical furnace enclosing the reactor is omitted for
clarity.

the reaction gas is analyzed.
The sampled gas is transfered to a mass spectrometer for online monitoring of the

reaction. Additionally, quantitative detection of the stable gas-phase species is attained
by a micro gas-chromatograph (Varian, model CP-4900). The micro-GC consists of
two columns: a Molsieve 5 A column for the permanent gases He,CH4, O2, H2, and
CO using Ar as carrier, and a PPU column for CO2 as well as the three C2 compounds
– C2H6, C2H4 and C2H2 – with He as carrier. H2O was removed from the gas stream
before entering the gas chromatograph with a membrane particulate/water filter (Genie
170 from A+ corporation), since the micro-GC has to be operated below 100◦C in
order to separate He and H2. Consequently, water has to be calculated from the oxygen
balance. All gases were calibrated against the internal standard prior to the experiment.
On yet another column, C3H8 and C3H6 were detected but these gases were not cali-
brated. The experimental error originates mainly from the mass flow controllers with
approximately 2% per gas species for a typical flow rate used (0.1 % of max. value +
0.5 % of current value). The overall error of the gas-chromatograph is better than 1 %.
The carbon and hydrogen balances close to more than 95 %, although minor species
such as oxygenates were not calibrated.

5.2.2 Fiber-Optic LIF Detection of CH2O

Formaldehyde (CH2O) is an important reaction intermediate in hydrocarbon oxida-
tion. In combustion environments it can be observed in the preheating zone upstream
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Figure 5.2: Schematic representation of the optical setup for bidirectional fiber cou-
pling and fluorescence detection: DM dichroic (longpass) mirror, L lens, MLA micro-
lens array, P power-meter, OF optical fiber, F glass filter, SPspectrometer, DV detection

volume.

the flame front. Under partial oxidation conditions, it is a major intermediate in the
undesired CO pathway [91, 94], which will also be seen sin Section 5.4.3.

In order to quantify CH2O concentrations experimentally, the extracted gas sam-
ple has to be heated so that CH2O does not condense along with water in the tubing.
However, such heating is not always practical; indeed, the micro-GC used in this ex-
periments requires water (and in turn CH2O) to be removed from the gas sample before
entering the GC. Alternatively,in situ Laser-Induced Fluorescence (LIF) constitutes a
sensitive optical technique for CH2O detection. Even though this approach is rather in-
tricate and involved, it has to be pointed out that LIF may also be applicable to species
which cannot be extractively sampled (such as radical species). Therefore, in the con-
text of this study, the LIF study has to be regarded as a proof-of-concept for setups in
which conventional optical access is excluded.

Recently, we demonstrated the use of a novel technique permitting LIF detection
in harsh environments using a single bidirectional opticalfiber probe [93]. Since the
reactor does not provide optical view-ports advantage is taken of the fact that the sam-
pling capillary may (alternatively to the thermocouple) accommodate an optical fiber
and thus provides optical access (magnification in Figure 5.1). Figure 5.2 shows the
setup adapted for bidirectional coupling of the excitationlaser and fluorescence detec-
tion using an optical fiber. 1 mJ/pulse of the third harmonic of a Q-switched Nd:YAG
laser (Spectra-Physics, Quanta-Ray PRO) are coupled into the fiber to excite the 410
band (i. e. the out-of-plane bending vibration) of the CH2O A 1A2← X 1A1 transition
around 355 nm. The laser line was measured with a grating spectrometer and found at
28183.46± 0.10 cm−1 with a FWHM of 1.8 cm−1. To prevent optical damage of the
fiber’s end-face a micro-lens array (MLA in Figure 5.2) serves to homogenize the focal
beam waist. Fluorescence is excited in the detection volume(DV) at the tip of the fiber
and emitted isotropically so that a portion is again captured by the fiber. The signal
is transmitted by the long-pass dichroic mirror (DM) and analyzed in a fiber-coupled
spectrometer (SP). Strong Fresnel reflections of the laser-line and low wavenumber Ra-
man scattering of the fiber are suppressed by an additional GG395 Schott glass filter.
Since the CCD camera does not allow fast gating 100 shots are accumulated on the
chip before reading out the spectrum. The average pulse energy is monitored using a
power-meter (P).

Step-index multimode fibers made of fused silica (SiO2) with fluorine-doped claddings
are commercially available. Being high-temperature resistive, at the same time they
posses high damage threshold intensities thus being suitable for UV laser transmis-

63



5. Fuel-Rich Methane Oxidation in a High-Pressure Flow Reactor

360 380 400 420 440 460 480 500 520
Wavelength (nm)

 

 
Fiber scattering
CH

2
O LIF

420 440 460 480 500 520
 

 

In
te

ns
ity

(a
.u

.)

Figure 5.3: Backscattering spectrum of the optical high-OH fiber (blue)and ex
situ CH2O laser-induced fluorescence spectrum acquired through thefiber (green).
The strong peak at 409 nm is attributed to the fiber’s OH-stretch Raman peak
(∼3700 cm−1). The inset clearly shows the characteristic CH2O fluorescence superim-
posed on the fiber’s Raman feature. The residue of the 355 nm laser line is seen while

the spectral region up to 405 nm is filtered out by the dichroicmirror.

sion. There are two types of fused-silica fibers, characterized by their OH-content
originating from the manufacturing process, commonly referred to as high-OH and
low-OH. The fiber material’s inherent, fabrication-induced impurities and defects may
lead to undesired fluorescence, additional Raman bands, color-center formation, and
photodegradation effects [82, 83, 84, 85]. Stimulated Raman scattering and non-linear
effects become important only for long fibers or higher laserintensities [84]. Low-
OH fibers are prone to strong broadband fluorescence at 355 nm excitation, thereby
rendering them inappropriate for the current application.High-OH fibers show better
UV-transmission characteristics, and it has been shown that the back-scattering spectra
of high-OH fibers are characterized by the Raman signature ofvitreous fused silica fea-
turing phonon and defect bands at wavenumbers< 1200 cm−1, as well as a dominant
peak around 409 nm which is to be attributed to the Raman band of the OH-groups
stretching mode (Raman shift∼3700 cm−1), see Figure 5.3 and reference [93]. No
spectral features are observed at longer wavelengths, so that this spectral window may
be used to detect the CH2O fluorescence signal (inset in Figure 5.3).

It is necessary to comment on the spatial resolution of the fiber-LIF technique.
In the following we present an analytical expression for theintensity and collection
efficiency distribution at the fiber tip and derive an instrumental function that will be
used later in the profile measurements. First, recall that anexpression for the number of
fluorescence photonsNph generated upon pulsed laser-excitation in the linear regime
is given by

Nph =
B12 Iν τ

c
n V fB A21 τeff

Ω

4π
(5.1)

where for simplicity a two-level system is assumed, andB12 is the Einstein coefficient
of absorption (in m3 Hz J−1 s−1), Iν is the spectral irradiance of the laser (in W m−2
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Hz−1), τ is the pulse length (in s),c the speed of light,n is the number density of
the probed molecule (in m−3), V is the detection volume (in m3), fB is the fraction of
molecules in the rovibronic level being excited,A21 = 1/τrad is the Einstein coefficient
for spontaneous emission (in s−1) with radiative lifetimeτrad, τeff (in s) is the effective
lifetime of the laser excited state accounting for non-radiative decay (quenching and
predissociation), andΩ is the collection solid angle.

Equation (5.1) holds for a differential volumedV and hence the total number of
fluorescence photons collected for an arbitrary optical system is found by spatial inte-
gration

Nph =

∫

V

dNph =

∫

V

∂Nph

∂V
dV (5.2)

where∂Nph/∂V = B12 Iν τ c
−1 n fB A21 τeff (Ω/4π) is readily found from Equa-

tion (5.1). For convenience we only consider the irradianceI instead of the spectral
quantityIν in what follows. In a chemically homogeneous environment the only pa-
rameters showing a spatial dependence areI(x) and Ω(x)/4π. It is convenient to
assume cylindrical coordinatesx(r, ϕ, z) so that we can define the detection efficiency

Γ :=

∫

V

I(x)
Ω(x)

4π
dϕ r dr dz (5.3)

as a quantitative measure for the number of collected photons for different optical se-
tups.

Neglecting absorption and saturation in the present derivation, I(x) andΩ(x) fol-
low from purely geometrical considerations. This is most conveniently understood by
referring to Figure 5.4. Figure 5.4 (a) shows the radiation fieldI(x) in cylindrical coor-
dinates, which is in a first approximation deduced in terms ofar−2 law. The irradiance
distributionI(x) is normalized by the laser powerP , resulting in units m−2. On the
other hand the solid angle of an arbitrary surfaceS seen from a pointx in space may
be defined as

Ω(x) =

∫

S(x′)

X/X · nS dS

X2
. (5.4)

The integration is performed overS(x′) wherenS = nS(x′) denotes the surface nor-
mal unit vector of the surface elementdS at positionx′ andX := x−x′. The distance
vectorX may also be interpreted as an optical ray from a pointx to the surface ele-
mentdS(x′) and in the present consideration the surfaceS obviously corresponds to
the fiber end-face. Optical rays impinging on the surface at an angle which is greater
than the critical acceptance angle of the optical fiberθNA are reflected and cannot con-
tribute to the effective collection solid angle. In mathematical terms this condition is
expressed in terms of the angle∠(X,nS(x′)), i.e. only if ∠(X,nS(x′)) < θNA

does the surface elementdx′ contribute to the integration. Thus, we may rewrite Equa-
tion (5.4) as a conditional integral:

Ω(x) =

∫

S(x′)

X/X · nS dS

X2
.

∠(X,nS(x′)) < θNA

(5.5)

The result is shown in Figure 5.4 (b). Quantification ofI(x) andΩ(x) now allows
for quantitative determination of the effective detectionvolume and the collection effi-
ciencyΓ by means of integral (5.3). In particular, we will need

γ(z) :=

∫ 2π

0

dϕ

∫ ∞

0

r dr I(x)
Ω(x)

4π
(5.6)
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Figure 5.4: (a) Normalized irradiance fieldI/P , and (b) effective collection solid
angle distributionΩ in cylindrical coordinates (r andz). The instrumental function
γ(z) for the optical fiber probe is shown in subfigure (c). Fiber parameters: numerical

aperture NA = 0.22 and diameterDfiber 400µm.

which serves as the instrumental function for the optical fiber measurements presented
here.γ(z) is shown in Figure 5.4 (c) and will be used to deconvolute the measured LIF
profiles (cf. Section 5.4.1).

5.2.3 LIF Corrections

The preceding discussion suggests that some comments are inorder on the likelihood
of saturation effects. From the intensity distribution in Figure 5.4 (a) it can be seen
that the maximum value for the normalized intensityI/P amounts to8 · 106 m−2.
Recalling a per-pulse-powerP of roughly 1 mJ/10 ns = 0.1 MW and a linewidth of
1.8 cm−1, the spectral intensity is found to be on the order ofIν = I/∆ν = 8·106 m−2×
0.1 MW/1.8 cm−1 ∼ 108 W/cm

2
cm−1. It is thus unlikely that saturation has occurred

in the present experiment since this value is significantly lower than saturation inten-
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sities reported by other authors [95, 96]. In retrospect, this justifies the linear regime
assumption implied by Equation (5.1).

In view of making concentration profile measurements, two terms in Equation (5.1)
need further consideration, namely the ro-vibrational Boltzmann population of the
laser-coupled lower state and collisional quenching effects. Both will be discussed
in the following paragraphs.

The portion of molecules in the lower laser-coupled state can be approximated
assuming the molecule ensemble to be in thermodynamic equilibrium, i.e. the popula-
tion distribution is described by the temperature-dependent Boltzmann fractionfB(T ).
It may be calculated with a statistical mechanical formulation based on fundamental
well-established molecular parameters. Boltzmann fractions may be evaluated inde-
pendently for the vibrational and rotational energy modes,fB(T ) = fvib frot. The vi-
brational partition functionZvib is expressed as a product over the vibrational energies
νi [30],

Zvib =
3n−6∏

i=1

(
1− exp

−hνi

kBT

)−1

(5.7)

where the product for the planar CH2O is over the six vibrational normal modes with
frequenciesν1, ..., ν6 [97, 98]. The population of the vibrational ground state reduces
to1/Zvib and is plotted as a function of temperature in Figure 5.5 (a).In the temperature
range relevant for this study (600 - 1200 K) the ratio of maximum to minimum value for
fvib is∼2; this ratio is also given in parenthesis in the figure and will serve as a measure
for the temperature-sensitivity of the different correction terms. Subsequently, this
ratio will be referred to as sensitivity-factor and will be determined for the rotational
population variation as well as the quenching term so that a quantitative comparison of
the terms is possible.

The rotational structure of the formaldehyde molecule is correctly represented by
an asymmetric top. Fortunately the asymmetry is only slight, and therefore in good
approximation its energy level structure can be described by a symmetrical top where
an algebraic expression for the rotational states may be found. The rotational term
values in the rigid rotor approximation of the prolate symmetrical top are

EJ,K/hc = B̃ J(J + 1) + (A− B̃)K2 (5.8)

whereJ is the total angular momentum quantum number,K its component along the
molecule’s symmetry axis,A > B > C are the rotational constants and̃B = 1/2 (B+
C) [99, 97]. Due to the dense structure of the formaldehyde spectrum and the relatively
broad excitation linewidth of the multimode laser, severaltransitions contribute [100].
From the tabulations provided by Dieke and Kistiakowsky it could be established that
four transitions of thepP -branch are excited, and their line intensities are described by
the Hönl-London formula for⊥ bands [99, 31]

BpP
J,K =

(J +K − 1)(J +K)

J(2J + 1)
(5.9)

so that the overall absorption intensity is proportional tothe weighted sum of the indi-
vidual lines

fvib

∑

{J,K}

BpP
J,K

gKJ exp
−EJ,K

kT

Qrot
(5.10)
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wheregKJ is the rotational-nuclear spin statistical weight for the state{J,K} so that
the latter term represents the Boltzmann fractions for the individual rotational states
(Figure 5.5 (b)). Again, the sensitivity-factor of the rotational population temperature-
dependence in the relevant temperature range is determinedas the ratio of maximum
to minimum value and amounts to∼2 (again given in parenthesis for each rotational
state in the figure). The temperature dependence of the overall absorption over the
relevant temperature range is plotted in Figure 5.5 (c). We note that both vibration and
the rotation contribute comparably to the Boltzmann temperature-dependence and that
the overall sensitivity-factor is roughly 4.

The effective lifetime of the laser excited state(-manifold) τeff = (A + Q)−1 is
related of to the collisional quenching rateQ. The quenching rateQ =

∑
i niσivi

in turn is a function of compositionni, the quenching cross-sectionσi and the relative
molecular velocityvi = f(T ) of all possible collision partners. Though Harrington and
Smyth [95] state that the Boltzmann dilution is by far the larger correction term, the
body of literature of fundamental quenching parameters in the appropriate temperature,
pressure and composition space is rather scarce. Several groups [101, 102, 103, 100,
104] have measured effective fluorescence lifetimesτeff in flames and generally find
a monotonically decreasing lifetime along the reaction coordinate, roughly described
by aT−1 relation. Correction for this effect effectively leads to adownstream shift
of the measured CH2O profile with respect to the LIF signal. In those studies, ratios
of maximum to minimum lifetimes and thus the sensitivity-factor to this correction
term ranges between 2 - 3, while the temperature gradients spanned more than 1000 K
accompanied by the drastic composition change characteristic for flames. With respect
to the present experiment, the temperature gradient is smaller (∼500 K), and also the
composition change is moderate due to the dominating methane content. It may thus
be expected that the lifetime correction term here is on the same order or smaller and
in first approximation may be described by aτeff ∝ T−1 relation.

Summing up the preceding section, it is now possible to compare the effect of the
two correction terms and it can be seen that the overall Boltzmann factor is indeed
the larger contribution compared to the quenching term. Thesensitivity to the latter
can be expected to be smaller than 2 while the Boltzmann correction term sensitivity
factor was roughly twice as large. While an expression for theBoltzmann variation has
been derived (Figure 5.5 (c)), we will assumeτeff ∝ T−1 for the quenching effect; the
influence of the correction terms on the measured profiles is discussed in Section 5.4.

5.3 Kinetic Reactor Simulations

The challenge in reacting flow simulations is to describe accurately the coupled trans-
port and chemistry phenomena. The present section discusses two important aspects
of the detailed chemical kinetic simulations performed: (i) reduction of the elementary
kinetic mechanism as a prerequisite for computational feasibility, and (ii) comprehen-
sive modeling of the flow reactor by means of detailed kineticComputational Fluid
Dynamics (CFD).

5.3.1 Mechanism Reduction

In a literature review of available detailed kinetic mechanisms for fuel-rich methane
oxidation conditions characteristic for OCM – the study will be described in a forth-
coming paper by the authors – it was found that the mechanism reported by Dooley et
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(c) Total absorption intensity as in equation (10)

Figure 5.5: Temperature dependence of the vibrational ground state population fvib

(a), the rotational state populationfrot (b), and total absorption intensity (c). As a
measure for the correction effect the ratio of maximum to minimum values are given

in parenthesis.
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5. Fuel-Rich Methane Oxidation in a High-Pressure Flow Reactor

al. [5] performs most satisfactorily; this conclusion is drawn from the comparison of
a set of experimental reactor profiles to kinetic simulations. Therefore this mechanism
was employed in the present investigation. It is a comprehensive kinetic mechanism
including H2, C1, C2, C3 and C4 oxidation chemistry. Broadly speaking, it consists of
two sub-mechanisms: a small-molecule mechanisms by Li et al. [105] for synthesis
gas combustion, and a larger mechanism for C1-C4 oxidation and pyrolysis by Healy
et al. [106]. The dependence of many elementary steps on pressure is considered and
third-body efficiencies of many species are included.

Mechanism reduction is often indispensable in CFD simulations of chemically re-
acting flow. In fact, the commercial CFD software used in the present work, FLUENT,
is hard-coded for a maximum of 50 species, and the mechanism by Dooley et al. has
nearly 300 species. Fortunately, the vast majority of thosespecies are irrelevant for
fuel-rich methane oxidation under conditions relevant to this study, due to the consec-
utive nature of the reaction. From a chemical perspective, the 50-species limit is com-
pletely arbitrary; nonetheless, in order to determine the “50 most important species” for
the present problem, the mechanism was reduced as follows. First, the experimental
conditions were simulated using the Plug-Flow Reactor model (PFR) implemented in
CHEMKIN2, since this model allows for first-order sensitivity analysis of the species
with respect to the rate coefficients. Sensitivity analysiswas performed for each of the
eight target species that were quantitatively detected: CH4, O2, H2, H2O, CO, CO2,
C2H6 and C2H4. For each of these species, the reactions were sorted according to the
absolute value of the sensitivity coefficients (in descending order). Next, each species
in the mechanism was ranked according to its position in the list of sorted reactions; for
example, each species in the first reaction was given a score of 1, and each species in
the second reaction was given a score of 2 (assuming that those species were not also in
the first reaction). Once this process had been repeated for all target species, the scores
for all the species in the mechanism were summed, and the 49 species with the lowest
scores were retained. Ar was forced to be the 50th species, since it served as internal
standard in the experiments but does not occur in any reaction. Another reason for
using Ar as 50th species was that all numerical rounding errors as well as errors from
the mixture averaged diffusion treatment were lumped in theAr mass fraction. The
process was repeated for CH4/O2 feed ratios ranging from 4, 8 and 16, temperatures
at 700 and 1100 K, and pressures of 1 and 8 bar. An alternative approach is to use the
absolute flux through each reaction, rather than its sensitivity coefficient. The process
above was repeated using the flux-based approach. The two methods were in close
agreement regarding the most important species, with the top 41 species being identi-
cal. Where the two approaches differed, the sensitivity-based approach tended to favor
smaller oxygenates, whereas the flux-based approach tendedfavor larger unsaturated
hydrocarbons. A detailed comparison of the two reduction methods with other more
established mechanism reduction methods is beyond the scope of the present work but
will be the subject of a forthcoming manuscript. For simplicity, we have adopted the
sensitivity-based method for the remainder of this work. The reduced mechanism is ap-
pended as Supplemental Material, with the different species between the two methods
highlighted.

Using the Cylindrical Shear-Flow Reactor model (CSFR) in CHEMKIN the appro-
priateness of the mechanism reduction was verified. Shown inFigure 5.6 is the com-
parison between the complete and the reduced mechanism based on the CSFR center-
line profiles (solid and dashed line respectively). The mechanism reduction results in

2REACTION DESIGNc© CHEMKIN 10111
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a slight upstream shift of the profiles, but all species concentrations are reproduced
within a minor error. Although the 50-species limit is arbitrary, it can be stated that the
disadvantage of the mechanism reduction is outweighed by the benefits of the detailed
CFD simulations as will be outlined below.

5.3.2 Reactor Modeling

The complete set of steady-state, laminar Navier-Stokes equations was solved using the
finite-volume implementation of the FLUENT software package3 with the CHEMKIN-
CFD package for detailed kinetics4. The two-dimensional axisymmetric simulation
domain comprises the reacting fluid zone as well as the silicareactor walls and the
sampling capillary. The fluid physical properties of the individual gas-phase species
are calculated based on kinetic theory expression, and polynomial coefficients for the
temperature-dependent thermal conductivity of the fused-silica bodies were taken from
the literature [107]. Diffusion was modeled based on the mixture-averaged approach.
The only boundary conditions imposed are the fluid inlet conditions and the outer wall
temperature. Inlet flow properties are assumed constant over the radius, which is ex-
perimentally assured by the foam at the flow inlet. Note that the sampling capillary
imposes another no-slip condition in the reactor center, which leads to an annular flow
profile. The computational domain was meshed using rectangular cells of uniform di-
mensions. Throughout the computational process the grid spacing of the fluid zone was
gradually reduced down to 0.1 mm until no significant changesin the species contours
could be observed. In the radial direction the fused-silicareactor wall was meshed with
1 mm spacing while the central capillary was radially subdivided into 2 equally sized
cells. A steady-state solution was attained with residualsbelow10−5.

The Reynolds number,Re, is on the order of 100 so that laminar flow conditions
can be assumed. The Péclet numbers for energy and mass transport PeT = Lu/α
andPei = Lu/Di are on the order of 50 and 20, respectively. Here,L is the charac-
teristic length given by the extension of reaction zone (∼10 mm),u the annular flow
velocity (∼0.1 m/s),α the thermal diffusivity (∼2·10−5m2/s), andDi represents the
diffusion coefficients of speciesi (∼5·10−5 m2/s for H2). The Péclet number derives
from dimensional analysis and compares the convective and diffusive terms in the en-
ergy and species’ mass conservation equation. If the Pécletnumber is substantially
greater than unity, then it is assumed that axial diffusion is negligible compared to
convection and may be omitted from the transport equations.Neglecting the diffu-
sion term changes the system of partial differential equations from elliptic to parabolic,
which has substantial implications for numerical solution. For the present problem of
chemically reacting flow in a tube, this simplification is known as the boundary-layer
model [38], and it is implemented in CHEMKIN as the Cylindrical Shear-Flow Model
(CSFR)[39]. Using the boundary-layer model has the advantage that detailed kinet-
ics can be implemented at reasonable computational costs, whereas full Navier-Stokes
simulations with a comprehensive kinetic mechanism easilybecome computationally
intractable on a workstation.

However, for laminar flow with a parabolic velocity profile, reliance on the Péclet
number can be misleading. Due to the no-slip condition the local Péclet number is
smaller than unity close to the wall. In order to scrutinize the impact of the simplifying
assumptions made by the CSFR model, CHEMKIN CSFR simulations were compared

3ANSYS c© Academic Research CFD, Release 14.5
4REACTION DESIGNc© CHEMKIN-CFD for FLUENT Module 20112
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with a complete Navier-Stokes simulation in FLUENT for identical geometrical and
thermal boundary constraints, i.e. a parabolic flow with constant boundary temper-
ature. Figure 5.6 shows the respective center-line profiles(dashed line CHEMKIN
CSFR and dotted line FLUENT). It is seen, that the CSFR is an excellent approxima-
tion to the full Navier-Stokes solution for the conditions of interest, but the center-line
profiles for the full solution are shifted upstream comparedto the CSFR model, while
the gradients themselves do not change. This result can be rationalized as follows: The
fact that the CSFR assumption breaks down close to the wall leads to the axial shift.
The radical chain branching reactions are thermally initiated, and these reactions first
occur closest to the walls. Subsequently, diffusive (radical) species generated within
the boundary layer can diffuse back upstream, which causes the profile shift. The fact
that the profile gradients are conserved reflects that diffusive transport in the reactor
center, where the flow velocity is higher, is negligible, as implied by the Péclet num-
bers stated above. If diffusion effects were strong one would expect dispersion of the
profile gradients. These observation is analogous to findings in the context of simula-
tions of a honeycomb channel in a catalytic combustion study[108].

Though we have seen that the CSFR model represents an excellent approximation
to the the full Navier-Stokes solution in an empty tube, it isexpected that its short-
comings will become more important when the full reactor geometry, including reactor
wall and the second no-slip conditions due to the sampling capillary, are introduced
into the model, in addition to the diffusion effect. Generally, profile shifts of 5-10 mm
were observed under our conditions, while the profile gradients were retained.

5.4 Results and Discussion

5.4.1 CH2O LIF Profile Measurements

Figure 5.7 shows fluorescence spectra upon 355 nm excitationwith the optical probe
anchored at different axial positions in the reactor. The spectra were corrected for the
fiber background. Comparison with the reference spectrum, which was taken in the
vapor phase over a formalin solution (dotted line), provides confirmation of formalde-
hyde detection. The vibrational bands observed are attributed to transitions in the CO
stretch and the out-of-plane bending vibrations, designated20

n41
m (n, m = 0, 1, 2, ...)

with respect to the notation by Clouthier and Ramsay [97]. Atthe same time a changing
broadband background is noticeable, the origin of which could not be unambiguously
identified but might be attributed to fluorescence of polyaromatic hydrocarbons (PAH).
It was shown by Metz et al. [109] and Brackmann et al. [110] that the spectral fea-
tures of CH2O fluorescence do not change significantly with temperature or pressure.
Therefore, in order to extract the desired concentration information from the spectra a
least-square fitting analysis was applied, in which the experimental spectras(λ) were
fitted to the superposition of the scaled reference spectrumr(λ) and a third order poly-
nomialp3(λ) representing the broadband background,

s(λ) = C r(λ) + p3(λ). (5.11)

A good match of the fitting procedure is attained, which is shown in the inset of Fig-
ure 5.7 . The scaling constantC is taking as a measure for the CH2O concentration and
the resulting LIF profile as function of the fiber tip positionis shown in Figure 5.8.
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Figure 5.6: Simulated temperature and speciation profiles. The solid and dashed lines
are CHEMKIN CSFR simulation results using the complete and the reduced Dooley
mechanism respectively; the dotted line is the FLUENT CFD simulation also based on
the reduced Dooley mechanism. Conditions correspond to a CH4/O2 feed ratio of 8,
6 bar pressure, and a total flow rate of 2000 mln/min in a tubular flow reactor with a

constant boundary temperature of 800 K.
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As discussed in Section 5.2.2, the LIF signal is integrated over a finite volume
ahead of the fiber tip. Mathematically speaking the LIF signal is a convolution of the
CH2O concentration and the instrumental function of the LIF fiber probe. In fact, the
instrumental function was derived analytically above and is given byγ(z) (Figure 5.4
(c)). The deconvolution was performed, the resulting profile of which is presented in
Figure 5.8. As expected, the CH2O profile is shifted downstream with respect to the
raw LIF data.

As outlined in Section 5.2.3, validation of the CH2O profiles requires correction
for the temperature-dependent Boltzmann fraction and collisional quenching. An an-
alytic expression was derived for the former whereas the impact of the latter can in
first approximation be described by aτeff ∝ T−1 relation. Rather than correcting
the measured signal, which would in turn require temperature measurements and in-
troduce additional statistical or systematic experimental errors, the simulation results
were corrected so as to yield a computed fluorescence signal,an approach proposed by
Connelly et al. [111]. In anticipation of the simulation results the experimental CH2O
LIF profile along with the CH2O profile is presented in Figure 5.8. The effect of both
the Boltzmann and quenching correction can be seen. It is found that both correction
terms leads to significant shifting and contour change of theprofiles. However, as will
be seen in the next section, on the global scale of reactor profile measurements the
effect is of minor importance and certainly not to be held responsible for the observed
offset between experimental and numerical data.

5.4.2 Species Profiles

A set of experiments was performed by varying pressure (1 - 8 bar), composition
(CH4/O2 4 - 16) and flow rate (2000 - 4000 mln/min); the findings were all in qual-
itative agreement so that general features of the reaction could be isolated. Here we
present a representative experiment that was performed with a CH4/O2 feed ratio of 8
(C/O atom ratio of 4), at 6 bar pressure and a flow rate of 2000 mln/min5. A 10% di-
lution by an Argon/Helium mixture as internal standard for the gas analysis was used,
and the ceramic oven enclosing the reactor tube was set to 970K. The residence time
amounts to roughly 2 seconds.

The outcome of the numerical simulation is depicted in Figure 5.9, where con-
tour plots of velocity, temperature as well as the investigated species are shown. The
boundary conditions were defined such that the reactants, methane and oxygen, enter
from the left at uniform temperature and flow velocity. In each plot, the thin solid and
dashed white lines correspond to the 0.099 and 0.09 isolinesof the O2 mole fraction,
respectively, i.e. 1 and 10% conversion; these lines help indicate qualitatively the reac-
tion onset. The following qualitative observation can be made from the contour plots:
First, it is seen that an annular velocity profile develops due to the dual no-slip bound-
ary condition at the wall and the fused silica capillary at the center. Second, the wall
exhibits an inhomogeneous temperature distribution – ranging from∼900 to 980 K –
which underlines the importance of heat transport within the wall. Once the exothermic
chemistry has begun, it dominates the heat release in the flow, and the reactor wall be-
comes a heat sink. Third, it is instructive to observe the onset of reaction indicated by
the 0.099 and 0.09 O2 mole fraction contour lines. Close to the wall, the temperature
between the two contour lines is between 910 and 940 K, whereas at the center of the

5The entire set of results is going to be presented in a forthcoming report by the authors.
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Figure 5.7: In situ CH2O LIF spectra at different axial positions in the reactor. An
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characteristic CH2O vibrational features in the in situ spectra. The inlet shows the
polynomial fitting of the broadband background which allowsisolation of the CH2O

signal.

0 10 20 30 40 50
0

1

z (mm)

N
or

m
al

iz
ed

 m
ag

ni
tu

de

 

 

0 10 20 30 40 50
700

900

1100

T
em

pe
ra

tu
re

 (
K

)

Exp. CH
2
O LIF

Exp. deconvol. 
 CH

2
O LIF

 

 

Sim. n
CH

2
O

Sim. n
CH

2
O

  f
B

(T)

Sim. n
CH

2
O

  f
B

(T)  T−1

Figure 5.8: Deconvolution of LIF profile and impact of Boltzmann and quenching
correction on CH2O profile.
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reactor oxygen consumption starts at a much lower temperature of 730 - 770 K. This
suggests that the reaction first ignites thermally close to the wall due to external heat-
ing and only then the reaction diffuses radially into the reactor center. The centerline
temperature profile is therefore not a good benchmark for theonset temperature of the
reaction. Fourth, once the O2 mole fraction drops below roughly 0.02, then the gradi-
ents for all other species become considerably less steep, and downstream of that point
the overall composition changes only slightly. Lastly, theconcentration profiles for H2
and CH2O stand out in particular. The H2 gradients are less pronounced, presumably
due to its high diffusivity. The CH2O is unique in that it is clearly a reactive interme-
diate, with a concentration profile confined to a narrow region of peak oxidation.

The centerline profiles from the two-dimensional distributions are compared with
the experimental data. The simulated profiles and experimental data are depicted in
Figure 5.10. Globally, we observe the following trends in both experiment and simu-
lation: Primary reaction products in order of abundance areH2O, CO, H2, and minor
amounts of CO2. Formaldehyde CH2O is formed as one of the primary products in
the pre-reaction zone; being a reaction intermediate it is almost completely consumed
subsequently. While C2H6 is produced predominantly by the direct coupling of two
methyl radicals via the trimolecular reaction

2 CH3
· + M→ C2H6 + M,

C2H4 is only a secondary product formed by dehydrogenation of C2H6. Further de-
hydrogenation is minor, and therefore acetylene is formed only in trace amounts on
the order of∼6 ·10−5. Though the GC was not calibrated for C3 species, we estimate
that C3H6 and C3H8 were formed in amounts of approximately 0.001 and 0.0003, re-
spectively. Consumption of oxygen leads to a slowdown and eventually to an almost
halt of the reaction. It is interesting to note that the exit composition is far from the
composition predicted by thermodynamic equilibrium. The kinetic control provided
by the self-induced oxygen exhaustion and the short residence time yields a mixture
composition in an off-equilibrium state (cf. Table 5.1).

While experiment and simulation are in good agreement, it is now of interest to fo-
cus on the discrepancies between the two. It should be mentioned that the temperature
measurements were not corrected for radiation, so the thermocouple reading may be bi-
ased by radiation heat exchange with the oven coils. But thiseffect is presumably only
important when the gas temperature is low, such as at the reactor entrance. As soon
as exothermic chemistry starts and the temperature rises, it dominates the temperature
reading of the thermocouple. Generally, the temperature profile is in fair agreement
with the simulation indicating that the global heat balanceis conserved by the simula-
tion. In the following, we will successively discuss causesthat may contribute to the
quantitative disagreement between the experiments and modeling. The discussion is
based on the following three observations, i. e. differences in

- reaction onset,
- reaction gradients, and
- absolute concentrations.
The difference inreaction onsetis manifested in an axial shift of the profiles, which

is most evident in the shift of the formaldehyde peak concentration position. It bears
mentioning that this problem is routinely encountered in flow reactor measurements
[112]. Although “time-shifting” is an accepted practice when modeling flow-reactors
(cf. to Supplementary Material of [112]), we have chosen notto do so so as to highlight
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Molar Experiment Simulation Thermodynamic

fractions Equilibrium

CH4 0.67 0.67 0.46

O2 0.007 0.008 0

H2O 0.122 0.103 0.001

H2 0.032 0.046 0.30

CO 0.049 0.055 0.15

CO2 0.005 0.007 0.0006

C2H6 0.011 0.004 0.0003

C2H4 0.011 0.007 0.0002

C2H2 ∼6 ·10−5 5 · 10−5 2 · 10−6

C3H8 ∼3 ·10−4 8 · 10−5 5 · 10−7

C3H6 ∼1 ·10−3 5 · 10−4 4 · 10−6

Table 5.1: Molar fractions at reactor outlet of experiment and simulation in compari-
son to the thermodynamic equilibrium composition at 1100 K.All species showing an

equilibrium value above10−6 as well as C3H8 are listed.

the strengths and limitations of the current approach. The shift in reaction onset could
be attributed to a combination of two possible effects. (i) In the simulations, the outer
wall temperature was set equal to the oven temperature whichwas measured in each
experiment. Using the oven temperature as boundary condition on the reactor tube is
naturally an overestimate because the oven coils and the outer tube wall are not in ther-
mal equilibrium. The actual boundary condition for the outer wall may hence be lower
than assumed. Also, the uniform temperature boundary conditions imposed at the inlet
can only be an approximation to the real inlet distributionswhere one may still find
radial gradients despite the efficient heat-transfer inside the foam. (ii) Radiative heat
transfer was not included in the simulation, though methanefeatures infra-red absorp-
tion bands. Since the inlet gas composition is 80 % methane, radiative heat transfer
from the oven coils to methane could have a non-negligible heating effect. In the op-
tically thin approximation, Bhattacharjee and Grosshandler [113] have introduced a
dimensionless quantity (similar to the Reynolds and Pécletnumber) which compares
radiative and convective heat transport,

σ a (T 4
wall − T 4)

ρ u cp/L (Tout− Tin)
. (5.12)

Here,σ is the Stefan-Boltzmann constant,a is the absorption coefficient of the gas
[114],Twall andT are the wall and gas temperatures, respectively,ρ is the fluid density,
u andL are the characteristic velocity and length scale, andTout− Tin is the character-
istic fluid temperature gradient. If global characteristicscales are considered this value
is of order 0.1, but again the dimensional analysis may not bevalid locally so that ra-
diative heat transport may still have an influence. However,the effect is pronounced
only in regions where the fluid temperatureT is much lower than the wall temperature
Twall such as at the reactor inlet and close to walls where the velocity is vanishing.
Accordingly, it has been observed in accompanying experiments that the disagreement
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of the reaction onset becomes more pronounced the longer thenon-reacting thermal
entrance region of the flow is. In these cases the heat balanceerror accumulates up
to the point of reaction onset and leads to more pronounced relative shifts of experi-
mental and simulated profiles. However, once the ignition temperature is reached the
heat generation due to the reaction dominates the energy balance and the temperature
difference between fluid and “radiating” wall is then relatively small, which justifies
comparison of experiment and simulation despite this shortcoming of the model.

The simulatedreaction gradientsare steeper than those observed in the experi-
ments. There are three possible explanations: (i) In the experiment, the gas mixture
is sampled over a finite volume. But since the sampling volumeis much smaller than
the observed gradients, this effect can be excluded from causing the shallower gradi-
ents. (ii) A second consideration is the modeling of molecular transport within the gas
phase. The present work uses the more computationally feasible mixture-average ap-
proach. Although a more rigorous multi-component model could change the gradients,
it is unlikely that this effect would be major. (iii) The third explanation for the observed
differences is attributed to the mechanism itself. Since the mechanism reduction did
not show a significant difference in reaction gradients, thedifferences would imply
generally overpredicted rates by the mechanism.

The absolute concentrationsof the major species are in good agreement. H2O is
somewhat underpredicted and H2 is slightly overestimated by the simulation, while
both CO and CO2 are slightly overpredicted. However, the discrepancy for the con-
centrations of the C2 species is considerably more significant. The primary coupling
product C2H6 is underestimated by a factor of three, while C2H4 is underpredicted
by roughly one-third of the experimental value. As was shownin Section 5.3.1, the
deviations resulting from the mechanism reduction were considerably smaller. Since
ethylene is produced predominantly by the dehydrogenationof its (underpredicted)
precursor C2H6, it is probable that the smaller disagreement of C2H4 is rather a coin-
cidence. It therefore appears that C2H6 formation might be underestimated, while at
the same time the dehydrogenation channel of C2H6 to C2H4 is overestimated. The
estimated mole fractions for C2H2, C3H8 and C3H6 are in agreement the simulation
trends. Since the LIF measurements are non-quantitative nojudgment on the CH2O
concentrations can be made.

5.4.3 Kinetic Discussion

It is of interest to use the mechanism to reveal the underlying kinetic pathways of
methane oxidation at the above conditions. The fundamentalkinetics of methane ox-
idation are well understood, even if as seen above the rate coefficients are not always
suitably accurate for all conditions. The mechanism by which methane is oxidized
changes with temperature, and it is commonly divided into a low-temperature and a
high-temperature pathway. OCM is unusual in that it is highly fuel rich and thus a
combination of oxidation and pyrolysis. The current conditions correspond to the up-
per limit in temperature of the low-temperature oxidation regime.

To generate the flux diagram, a plug-flow reactor was performed in CHEMKIN-
PRO, using the experiment’s temperature profile to fix the energy equation. A reaction
path analysis was performed for three positions along the reactor, each position being
representative for a certain temperature regime along the reaction coordinate, i.e. 700,
900 and 1100 K. In the following we provide a qualitative description for the three
reaction domains; the respective flux diagrams are presented in Figure 5.11.
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Figure 5.9: Numerical simulation contours of temperature, velocity and major species’
mole fractions in cylindrical coordinates. The symmetry axis is at the bottom, the
reactor entry is on the left and the flow direction is from leftto right. As a guide for the
eye the 0.099 and 0.09 isolines of the O2 molar fraction (i.e. 1 and 10% conversion) is

indicated as white lines.
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Figure 5.10: Experimental (marks) and simulated (lines) temperature and speciation
profiles. Mole fractions for all species are depicted with respect to the left axis. In the
top graph also the temperature is given with respect to the right axis, while the bottom
plot includes the experimental (marks) and simulated (dashed line) normalized CH2O
LIF intensities on the right axis. Conditions correspond toa CH4/O2 feed ratio of 8, 6
bar pressure, and a total flow rate of 2000 mln/min. The simulation results are based

on the reduced kinetic mechanism of Dooley [5].
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At the inlet, the temperature is low (700 K), which is solidlyin the low-temperature
kinetic regime. The initiation reaction is

CH4 + O2
−−⇀↽−− CH3

· + HO2
· (R1)

At this temperature, we have the following sequence of reactions:

CH3
· + O2 + M −−⇀↽−− CH3OO· + M (R2)

CH3OO· + CH4
−−⇀↽−− CH3OOH + CH3

· (R3)

CH3OO· + HO2
· −−⇀↽−− CH3OOH + O2 (R4)

CH3OOH + M −−⇀↽−− CH3O· + OH· (R5)

CH3O· + M −−⇀↽−− CH2O + H· + M (R6)

With these six reactions, a radical pool is established consisting of H·, OH·, CH3
·,

CH3O·, HO2
·, and CH3OO·. Once the radical pool is established, most methyl is

generated not by R1 but through H-abstraction from methane via R3 and R7-R9:

CH4 + OH· −−⇀↽−− CH3
· + H2O (R7)

CH4 + H· −−⇀↽−− CH3
· + H2 (R8)

CH4 + HO2
· −−⇀↽−− CH3

· + HOOH (R9)

The first six reactions convert CH4 into CH2O, which is converted to HCO, which
in turn either decomposes or reacts with oxygen to yield CO:

CH2O + CH3OO· −−⇀↽−− HCO· + CH3OOH (R10)

CH2O + CH3
· −−⇀↽−− HCO· + CH4 (R11)

CH2O + HO2
· −−⇀↽−− HCO· + HOOH (R12)

CH2O + OH· −−⇀↽−− HCO· + H2O (R13)

CH2O + H· −−⇀↽−− HCO· + H2 (R14)

HCO· + M −−⇀↽−− CO + H· + M (R15)

HCO· + O2
−−⇀↽−− CO + HO2

· (R16)

At this point the only stable carbon-containing products are CH2O and CO. In Fig-
ure 5.11a, we see that most of the CH4 is broken down by OH·, followed by CH3OO·,
H·, and HO2

·. Virtually all of the CH3
· reacts with oxygen to form CH3OO·. The

CH3OO· reacts with CH4 and with HO2. CH3OOH decomposes via R5. Eventually
CH2O builds up, which reacts with CH3OO· and HO2

· to form HCO·. HCO· is mostly
consumed by O2, yielding CO.

Another important reaction is:

H· + O2 + M −−⇀↽−− HO2
· + M (R17)

Even though R16 and R17 are chain propagating, they convert areactive radical (H· or
HCO·) into a more stable radical (HO2·), and thus temporarily slow down oxidation.
Additionally, there is also the chain terminating reaction:

HO2
· + HO2

· −−⇀↽−− HOOH + O2 (R18)
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Reaction R9, R12, and R18 form hydrogen-peroxide, HOOH. Once there is sufficient
HOOH, a new chain-branching reaction becomes competitive:

HOOH + M −−⇀↽−− OH· + OH· + M (R19)

R19 is quite slow at these temperatures, so HO2
· formation generally acts like a radical

sink. The decomposition of methyl-hydroperoxide R5 is the main chain branching
reaction. At higher temperatures, however, R19 becomes much faster and ultimately
becomes the main chain branching reaction in the reaction zone.

R1-R19 is an abbreviated description of the classical low-temperature mechanism
for CH4 oxidation. Numerous cross reactions have been omitted for clarity (for exam-
ple: some CH3O· will abstract H-atoms to form methanol, which has its own submech-
anism, but it is irrelevant for the present conditions).

The reaction zone is characterized by rapid O2 conversion, product build-up, and
a sharp profile for the intermediate CH2O at a temperature around 900 K. This tem-
perature is close to the upper limit at which CH3OO· is stable, with the equilibrium
constant beginning to shift back in favor of the bimolecularreactants (cf. reaction R2).
Some of the CH3· still reacts with O2 to form CH3OO·, but it is now a minor channel.
The most important sink for CH3· is the reaction with HO2· and to a smaller extent
with O2:

CH3
· + HO2

· −−⇀↽−− CH3O· + OH· (R20)

CH3
· + O2

−−⇀↽−− CH2O + OH· (R21)

After R20, the next most important reaction is R22, the main coupling reaction:

CH3
· + CH3

· + M −−⇀↽−− C2H6 + M (R22)

Roughly 85% of the CH3 goes through R20, and only∼10% through R22, thereby
opening up the C2 channel. The CH3OO· channel is minor at this point, and the main
chain branching sequence at 700 K (R2-R5) becomes almost irrelevant at 900 K. In-
stead, the formation and decomposition of HOOH – reactions R9, R12, R18, and R19
– is now the main chain branching sequence. The slow build-upof HOOH reaches a
tipping point at the start of the reaction front, which leadsto spontaneous growth in
OH· production, which accelerates both the formation and decomposition of CH2O.
The rapid increase in CH2O decomposition leads to a spike in HCO·. Almost all of the
HCO· reacts with O2, which is the main reaction for O2 consumption.

As C2H6 builds up, it reacts with OH·, H·, CH3
·, and to a lesser extent HO2

· to
form ethyl. Virtually all of the C2H5

· reacts with O2 to form C2H4 + HO2
·.

Behind the reaction front the temperature has reached almost 1100 K. The coupling
reaction R22 becomes the most important sink for CH3

·, followed by the reactions
with HO2

·, and CH2O. At this temperature CH3OO· is not stable; the equilibrium
constant has shifted back to the bimolecular reactants, andthe reaction sequence R2-
R5 is inconsequential. Additionally, the increase in temperature now allows for the
oxidation of CO. The reaction of CO with HO2· and OH· releases considerably heat,
creating a positive thermal feedback loop.

CO + HO2
· −−⇀↽−− CO2 + OH· (R23)

CO + OH· −−⇀↽−− CO2 + H· (R24)
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Figure 5.11: Flux diagrams for three different positions along the reaction coordinate,
corresponding to temperatures 700, 900 and 1100 K. With respect to the experiment,
the temperature regimes correspond to the reactor entry, the reaction zone (defined by
the steepest O2 gradient) and the exit of the reactor, respectively. The line color and
thickness indicate the relative importance of each pathway, with the black lines being

the most dominant, followed by blue, red, then orange.

In the C2 pathway the only differences are: (i) the build-up of C2H4 causes the thermal
decomposition of C2H5 to run in reverse (i.e. H· + C2H4 → C2H5

·), (ii) the onset of
high-molecular weight growth (not shown).

The formation and decomposition of HOOH is still the main chain branching se-
quence. Even at 1100 K, the temperature is still too low for

H· + O2
−−⇀↽−− OH· + O (R25)

The temperature is high enough that CH3OO· is minor, but it is low enough that R17
dominates R25 (i.e. H· + O2 gives HO2 instead of OH· + O), so oxidation is still slow
and incomplete.

5.5 Conclusion

We presented kinetic profile measurements and numerical simulations for fuel-rich
methane partial oxidation stoichiometries encountered inmethane oxidative coupling,
the results of which are representative of a set of experiments performed under differ-
ent conditions (by varying composition CH4/O2 4 - 16 and pressure 1 - 8 bar). The
experiment was conducted at a pressure of 6 bar with a CH4/O2 ratio of 8 and temper-
atures around 900 K in a versatile flow reactor with spatial sampling capabilities. Use
of a novel technique for laser-induced fluorescence (LIF) detection of CH2O using an
optical fiber probe was demonstrated. Full Navier-Stokes kinetic numerical simulation
were performed using a reduced version of the mechanism by Dooley et al. [5], and
the results were compared to the experimental data.

The results show that predictive kinetic modeling of industrial processes is still
challenging. Comprehensive and numerically expensive simulations have to assure
the accurate description of both physical and chemical processes in the reactor. Not
only accurate kinetic mechanisms but also heat and mass transport properties play an
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important role in the evaluation of the profiles. The resultssuggest that the mechanism
gives qualitatively and quantitatively correct predictions for the main species. However,
in particular the evolution of the C2 species appears to be captured less accurately. As a
systematic difference between experiment and simulation it was observed that the mole
fraction profiles of C2H6 and C2H4 are predicted too low.

The findings give interesting insight into the kinetics of fuel-rich methane oxidation
at the upper limit of the low-temperature kinetic regime in particular with respect to C2
formation. It is noteworthy that formation of C2 species through coupling of methyl
radicals is possible in the pure gas-phase. However, the selectivity observed in the gas-
phase is poor. Under industrial catalytic high-pressure conditions gas-phase reactions
are likely to occur in parallel to heterogeneous reactions which may lead to homoge-
neous-heterogeneous coupling. The inclusion of gas-phasechemistry in modeling is
thus a prerequisite for design of an efficient process.
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Chapter 6

Methane Oxidation over a
Platinum Gauze atφ = 0.5 and
2.0

This Chapter presents the last set of methane oxidation experiments that were per-
formed in the profile reactor. The aim is to prove the feasibility of OH radical detec-
tion under over-stoichiometric (excess methane) conditions using the optical-fiber LIF
method. With this intention the reaction was anchored on a platinum gauze. Despite
this objective I will give a more general introduction.

6.1 Introduction

Literature contains a large body of works on methane oxidation on platinum catalysts,
ranging from lean combustion with equivalence ratiosφ < 1 to partial oxidation at
equivalence ratiosφ up to 10∗. Different catalyst morphologies and reactor geometries
have been studied, such as stagnation flows [115, 116], gauzes [117, 16, 118, 119,
120, 13, 121, 122], coated foam and channel monoliths [123, 115, 16, 124, 125] and
channel-flow reactors [126]. This report summarizes experiments which are closely
related to the works of Davis et al. [119], Heitnes Hofstad etal. [117] and de Smet et al.
[118, 120], which have all studied methane oxidation over platinum gauzes. Reactions
over gauzes are characterized by the intrinsic short contact times and oxidation over
gauzes is also an industrially relevant process, e.g. in selective ammonia oxidation
[127].

Davis et al. have studied lean methane/air combustion (equivalence ratioφ = 0.32–
0.52) over a resistively heated platinum gauze at ambient pressure. In the wake of the
Pt gauze OH radical concentration profiles were measured using laser-induced fluo-
rescence (LIF) spectroscopy, however no other product species were analyzed. Both,
Heitnes Hofstad et al. and de Smet et al., performed their experiments in the partial
oxidation regime (φ = 4 and3.6 − 10, respectively). Their reactors were externally
heated and the product species composition was analyzed at the reactor outlet. While

∗In particular in the combustion community it is common to use the equivalence ratioφ as a measure for
the feed stoichiometry. It is defined as the CH4/O2 feed ratio divided by the stoichiometric CH4/O2 ratio,
so thatφ = 1 represents a stoichiometric mixture.
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the former group operated their reactor at ambient pressureand diluted the feed gas
with 77% argon, the latter experiments were conducted at elevated pressures (1.3–2.4
bar) and varying dilution of 40–80% helium. In Heitnes Hofstad’s experiments the
platinum gauze was sandwiched between two ceramic monoliths, whereas in the other
setups the gauze was positioned in the free gas-phase.

In all reports the question was addressed whether homogeneous and heterogeneous
reactions compete and transport-limitation occur. It is known that there are different
regimes for homogeneous-heterogeneous dynamics [41, 43, 44]. Apart from cases in
which either surface or gas-phase reactions dominate, there can be cases in which gas-
phase chemistry is sustained by heterogeneous processes orconversely, the surface
represents a sink for radical species thus terminating the homogeneous reaction chan-
nel. Davis et al. note that the homogeneous and heterogeneous reactions appeared to
be spatially decoupled in their lean combustion experiments. Apart from using high
inert gas dilution, in the reactor from Heitnes Hofstad gas-phase reactions before and
after the gauze are presumably suppressed by radical quenching in the monolith. De
Smet et al. state that they used low reactant partial pressures to suppress homogeneous
chemistry and argued that gas-phase reactions can be neglected because homogeneous
plug-flow reactor simulations showed very low conversion.

One of the main hindrance in answering the question of homogeneous-heterogeneous
dynamics is the lack of experimental techniques to recover the intrinsic kinetics of the
process. This report presents an approach to attain the kinetic information by measur-
ing species profiles over a platinum gauze. The experiments were conducted at two
stoichiometries, namelyφ = 0.5 and 2.0, in a dedicated flow reactor [92]. In this re-
actor, stable product species as well as gas-phase radicalscan be measured along the
reactor centerline using a sampling technique in combination with a novel fiber-optic
laser-induced fluorescence method allowing detection of OHradicals [93].

6.2 Experimental

6.2.1 Sampling Reactor

A sketch of the reactor assembly is depicted in Figure 6.1. The platinum gauze con-
sists of 3600 meshes/cm2 with a wire diameter of 40µm and is clamped inside the
reactor as shown. The fused silica flow reactor is heated by anelectrical furnace and
operated at a slightly elevated pressure of 1.5 bar. As indicated, the sampling capillary
can be traversed along the center of the reactor allowing reactant mixture samples to
be extracted continuously. Positioning of the capillary using a stepper motor permits
high spatial resolution. The magnification in Figure 6.1 illustrates the sampling process
and reveals the fiber-optic probe for OH detection accommodated inside the sampling
capillary. A top-view microscope image of the assembly is shown in Figurer 6.2. The
sampling rates are adjusted such that they are considerablysmaller than the total flow
rate (V̇sampl/V̇tot ∼ 10−4), so that the main flow remains unaffected from the sampling.
Rapid sample extraction and radical removal by collisionalwall-quenching [68] in-
hibit reaction progress inside the sampling capillary and hence ensure unbiased ex situ
sample analysis. The gas composition is analyzed in a mass spectrometer. It is clear
that the gas mixture is sampled over a finite volume which may deteriorate the spatial
resolution of the measured profiles. In accompanying experiments another sampling
capillary was used which possesses a small side sampling orifice with a diameter of
100µm (this capillary was also described in the original report on the reactor [92]).
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Figure 6.1: Experimental setup. The magnification shows the sampling capillary as
well as the optical-fiber probe.

The sampling volume of that probe is of the size of the orifice which was ascertained
by CFD simulations of the sampling process. Since, species profiles taken with either
sampling capillary showed congruent results a spatial resolution on the order of 100µm
is generally assumed for the presented data.

The Pt gauze was prepared and activated in a similar manner asdescribed by de
Smet et al. [118]. It was first reduced in a flow of 10 % H2 in Ar while heating the
reactor up to 700◦C. Then, the catalyst was activated using a C2H6/O2/Ar = 3/2/5
mixture. The actual experiments were conducted with a CH4/O2 mixture diluted in
80 % Argon. The flow rates for the lean (oxygen-rich) conditions, i.e.φ=0.5, were 120
mln/min CH4, 480 mln/min O2, and 2400 mln/min Ar, while in the fuel-rich case, i.e.
φ = 2.0, flow rates were 150 mln/min CH4, 150 mln/min O2, and 1200 mln/min Ar.
The furnace temperature was controlled at 700◦C in both experiments.

6.2.2 Fiber-optic LIF

Gas-phase methane oxidation involves radical chain reactions. Unlike stable reaction
species, radicals are quenched throughout the sampling process and can therefore not
be detected in that way. This common problem can be overcome by introducing laser-
spectroscopic methods such as laser-induced fluorescence (LIF) spectroscopy, at the
expense of providing optical access to the system. However,this is not always possible
in practical systems. On this account a fiber-optic probe hasbeen developed which is
conveniently accommodated inside the sampling capillary.The presented fiber assem-
bly is an advancement of the optical probe reported previously (cf. [93] or Chapter
4). It consists of a multi-mode fiber (core-diameter 100µm) for delivering the excita-
tion laser-pulse, while the surrounding light guiding capillary collects the fluorescence
signal (Figure 6.2). In the former experiments, a single fiber was used for both, laser
delivery and fluorescence collection. The disadvantage of the latter excitation-detection
geometry is that the transmission of the laser pulse leads todetrimental scattering inter-
ferences and hence low signal-to-background ratios for thedesired OH fluorescence.
Even tough the overall collection efficiency is smaller for the new fiber-capillary as-
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6. Methane Oxidation over a Platinum Gauze atφ = 0.5 and 2.0

Figure 6.2: Microscope top-view image of the sampling capillary and thepolished
optical-fiber probe. The image was taken after use. The outerdiameters for the capil-
lary and the optical-fiber probe are 652µm and 323µm, respectively. The optical-fiber
probe consists of the excitation fiber in the center (core diameter 100µm) surrounded

by the collection light-guiding capillary.

sembly, it achieves significantly better signal-to-background ratios compared to the
single fiber probe.

It is evident that the LIF signal is collected over a finite volume. Based on geo-
metrical considerations an instrumental functionγ(z) can be derived. Generally, the
LIF signal originating from a certain point in spacex is proportional to the excitation
intensityI(x) and the collection solid angleΩ(x). Following the same considerations
as outlined in [93], the instrumental functionγ(z), as a function of the distance from
the probe tipz, may be found:

γ(z) =

∫ 2π

0

dϕ

∫ ∞

0

r dr I(x)
Ω(x)

4π
(6.1)

Figure 6.3 showsΩ(x) (top) andI(x) (middle), and the resulting instrumental function
γ(z) (bottom). Also shown in the plot is experimental data, showing good agreement
with the analytically determined instrumental function. This experimental data cor-
responds to the scattering signal originating from the platinum gauze when the fiber
probe approaches the gauze from the bottom and was acquired in the same experiment
as described hereafter. The analytical instrumental function will be applied in what
follows.

A frequency-doubled dye laser (Sirah, Cobra-Strech), which is pumped by the sec-
ond harmonic of a Q-switched Nd:YAG laser (Spectra-Physics, Quanta-Ray) was used
for excitation. Dye-laser pulses are characterized by a pulse length of∼8 ns and a
nominal fundamental linewidth of 0.06 cm−1. Pulses of around 0.1 mJ were coupled
into the excitation fiber, the LIF signal was guide on a metal-package photomultiplier
(Hamamatsu, R9980U) and the voltage was acquired with a high-bandwidth digitizer.
Every acquisition constitutes an excitation scan of the OH A2Σ - X2Π (0→1) band
head at∼281 nm, while detecting the 1→0 and 1→1 bands (306 - 330 nm). The LIF
signal depends on temperature through the Boltzmann population distribution of the
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Figure 6.3: Irradiance fieldI(x) normalized by the laser powerP (top), and effec-
tive collection solid angle distributionΩ(x) (middle) in cylindrical coordinates (radial
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100µm, while the collection light-guiding capillary has an outer diameter of 300µm.
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functionγ(z) of the fiber probe, according to Equation (6.1). Also shown isexperi-
mental data which shows good agreement to the analytically determined functionγ(z)

.
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rotational states. In order to alleviates the temperature-dependence, the integral area
under each spectrum was defined as the LIF signal. A one-pointcalibration with re-
spect to the LIF signal was used to assign a OH number density to the signal. For the
calibration a stoichiometric Bunsen-type flame as described in reference [93] was used.

6.3 Results and Discussion

6.3.1 Lean Combustion Regime (φ = 0.5)

Hydroxyl-Radical LIF

Figure 6.4 shows OH excitation scans acquired at different positions inside the reactor,
more precisely just before and after the Pt gauze as well as atgreater distances from the
gauze. It may be anticipated that the linewidth increases before and after the gauze due
to thermal Doppler broadening. Likewise, it is expected that the rotational population
distribution and thus the line intensities change. Both features are seen in the spectra.
At his pressure, due to collisional quenching, the effective fluorescence lifetime is on
the order of the excitation pulse length. Therefore it was not possible to extract a clear
trend of the fluorescence lifetime from the oscilloscope traces.

A broad wavelength scan was performed 4 mm above the gauze in order to deter-
mine the rotational temperature; the corresponding Boltzmann plot of the rotational
population distribution is shown in Figure 6.5. Despite thedata scattering, the fitted
temperature of 1650 K agrees with the expected equilibrium temperature of∼1600 K
under the assumption that the fluid at the centerline of the reactor does not heat up
considerably before reaching the catalyst gauze.

The one-point calibration yields OH number densities whichare comparable (by
a factor of 2) to those reported by Davis et al. and are in good agreement with the
simulation presented below.

Species Profiles

The species profiles for the experiment performed with an equivalence ratioφ = 0.5
are shown in Figure 6.6. The molar fractions are shown for thedetected stable species,
while the + symbols represent the OH signal measured by LIF. The instrumental func-
tion γ(z) (cf. Equation 6.1) has been used to deconvolve the OH signal and the result-
ing OH number density profile is plotted as solid line. The deconvolution effectively
leads to a downstream shift of the OH profile.

It is evident that the reaction is anchored at the gauze (z = 0). Methane is totally
consumed and the major stable products are CO2 and water. In proximity to the gauze
∼1 % of CO and small amounts of H2 are detected. The OH number density peaks
just above the gauze and subsequently decreases only slowy albeit the major reaction
is over. It has to be pointed out that OH is an equilibrium product of considerable
amount under these conditions which is one of the reasons whyit is readily detected in
combustion environments (cf. Figure 3.4). In fact, the OH equilibrium number density
corresponds to 1·1015 cm−3 for the present conditions, which is in good agreement
with the limit concentration reached at the reactor exit.

The fact that OH seems to be produced upstream of the catalystgauze may be an
artifact of the LIF method. As described above, the LIF signal is collected from a
finite volume above the optical fiber tip described by the instrumental function. When
the fiber approaches the gauze from the bottom, the signal collection is obscured by
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the Pt gauze. This effect is obviously not included in the instrumental function and
therefore the deconvolution is strictly valid only above the gauze (z≥ 0). The non-
zero OH concentrations upstream the gauze may indicate the presence of a radical
cloud surrounding the gauze.

Comparison to Simulation

Figure 6.7 shows a comparison of the experimental data to a CHEMKIN simulation.
The freely propagating flame model was used together with theGRI reaction mecha-
nism [128] optimized for combustion and ignition of methane†. The model also solves
the energy equations so that no temperature profile has to be provided by the user. The
inlet temperature (Tin = 393 K) for the simulation was chosen such that the temperature
above the gauze matches the temperature acquired with LIF. In the plot the simulation
results have been axially shifted to provide overlap of methane at 50% conversion. At
the gauze (z=0) steeper, step-like gradients are observed in the experiment, indicating
the catalyically assisted conversion at the gauze.

†It bears mentioning that the mechanism by Dooley et al. [5], which has been applied in the simulations
for gas-phase OCM (Chapter 5), does not provide a converged solution using the same boundary conditions.
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Figure 6.7: Species profiles of experiment (marks) and simulation (lines). For the
simulation a freely propagating flame model was used.

6.3.2 Fuel-Rich Regime (φ = 2.0)

Hydroxyl-Radical LIF

Under these conditions hardly any spectral features of OH could be identified in the LIF
spectra. It appears that OH concentrations are just below the detection limit (∼1 ppm)
and therefore, no OH profiles could be recorded. Similarly, Davis et al. stated that they
were not able to detect OH radicals while maintaining their experiments at equivalence
ratios> 3.4.

Species Profiles

Figure 6.8 shows the species profiles for the experiment performed in the fuel-rich
regime, i.e. an equivalence ratioφ = 2.0. Unfortunately, the data quality is not as
good as in the previous results, but the important aspects still become clear. Again the
molar fraction for the detected stable species are shown. Total conversion is achieved
and H2O, CO, H2 and CO2 are the major products in this order. Acetylene is the
primary C2 product on the order of 1 %. The reason for the obscure gradients remains
unclear. Presumably, the reaction is instable or the Pt gauze may have been accidentally
displaced while traversing the sampling capillary.

Comparison to Simulation

Using the same numerical model as applied for the lean conditions, the simulation did
not yield a converged solution. When a reasonable temperature profile is provided, the
simulation predicts merely minor conversion due to pure gas-phase chemistry. Hetero-
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geneous kinetics would need to be included in the model to capture the experimental
observations.
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Chapter 7

Summary and Conclusions

In this thesis gas-phase kinetics of methane-oxidation wasinvestigated under differ-
ent stoichiometric regimes, namely stoichiometric combustion in an open, atmospheric
Bunsen-type flame, fuel-rich methane oxidation in a high-pressure flow reactor with in-
tent to study gas-phase oxidative coupling kinetics, and catalytically assisted methane-
oxidation over a platinum gauze.

The key-approach is based on species profile measurements inconjunction with ki-
netic numerical simulations. The kinetic profile reactor, which had been developed by
the group [92], is used for this purpose. Two methodologicalaspects are emphasized:
(i) The development of a fiber-optic probe to measure transient species, such as OH
radicals and CH2O, using laser-induced fluorescence (LIF) spectroscopy. (ii) Based on
state-of-the-art kinetic mechanisms taken from literature, appropriate reactor models
and kinetic numerical simulations are employed to interpret the experimental results
and unravel the underlying chemistry.

Up to now the profile reactor only allowed detection of stablespecies. In order to
measure transient species a novel technique was developed which permits LIF mea-
surements through an optical-fiber probe in otherwise optically inaccessible systems.
Different fiber-optic probe geometries were developed and tested. A single fiber for
excitation as well as collection of the LIF signal was employed in the experiments pre-
sented in Chapters 4 and 5 for detection of OH and CH2O, respectively. An advanced
fiber probe, consisting of individual excitation and collection channels, was employed
in Chapter 6 for measuring OH radicals. Though the collection efficiency of the ad-
vanced probe is smaller it features a higher signal-to-background ratio compared to the
single fiber.

In Chapter 4 vibrational Raman thermometry was applied in anair-fed flame using
N2 as probe molecule. Raman thermometry through an optical fiber was attempted
but discarded due to the lack of an appropriate marker molecule under the investigated
conditions.

Oxidative coupling of methane in the gas-phase was investigated in a high-pressure
flow reactor at a CH4/O2 feed ratio of 8 (Chapter 5). Species profiles were measured
and LIF detection of CH2O through an optical fiber was demonstrated. Based on the
full set of Navier-Stokes equations CFD simulations in conjunction with a detailed ki-
netic mechanism were performed. The agreement of experiment and simulation for the
primary species was good. However, in particular the evolution of the C2 species ap-
pears to be captured less accurately by the best state-of-the-art mechanism. A pathway
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7. Summary and Conclusions

analysis gives interesting insight into the kinetics of fuel-rich methane oxidation, in
particular with respect to C2 formation. The information may be helpful in the design
of efficient coupling processes.

In Chapter 6 methane oxidation over a platinum gauze was studied. The gauze
serves to anchor the reaction and the intention was to verifythe feasibility of detecting
OH radicals under over-stoichiometric (excess methane) conditions. OH radicals were
readily detected under lean (excess oxygen) conditions (φ = 0.5). Under this conditions
the temperature is high (Tequ ∼1600 K) and OH is a quasi-equilibrium product appear-
ing mainly in the post-reaction zone. Upstream the gauze theexperimental profiles
are reproduced by pure gas-phase simulation, while at the gauze a step-like conversion
occurs due to catalytically assisted chemistry. Under methane-rich conditions with an
equivalence ratio ofφ = 2.0 the temperature is still relatively high (Tequ ∼1400 K)
which favors higher OH concentrations. However, the concentrations appeared to be
just below the detection limit of the technique (∼1 ppm) and therefore detection at
higher methane partial pressures, where OH concentrationsare expected to be even
lower, is unlikely. Simulations showed merely minor conversion, indicating that gas-
phase chemistry is very slow under this condition and the impact of heterogeneous
chemistry is more pronounced than for the previous case.

As respects the detection of OH radicals, the sensitivity of(optical-fiber) LIF has
been proved to be insufficient to measure species profiles under conditions common to
chemical synthesis. OH profiles could be recorded only underconditions in which the
radical is a quasi-equilibrium product. One reason why OH detection using LIF could
not be achieved is the fact that at atmospheric and above pressures a large portion of
fluorescence is lost due to collisional deactivation (approximately one in a thousand
at atmospheric pressure) which significantly lowers the detection limit of LIF. Other
(spectroscopic) methods which provide higher sensitivities may have to be employed
to detect OH and other radical species under methane-rich conditions.

Kinetic simulations are an invaluable tool in interpretingthe experimental data.
However, reactor modeling with respect to accurate description of both physical and
chemical processes is challenging, and computational timeconstraints require a trade-
off between the level of detail of the reactor model and the complexity of the chemical
mechanism. Depending on the conditions a suitable mechanism has to be chosen and it
may become necessary to reduce the mechanism to an appropriate subset of species. In
spite of decades of research a universal kinetic mechanism accurately describing gas-
phase methane oxidation in all stoichiometric regimes is not yet available. This fact
has to be taken into consideration when coupling the gas-phase chemistry to a catalytic
mechanism in a homogeneous-heterogeneous model. In proximity to the catalyst, i.e.
within the catalytic boundary-layer, the partial pressures may be substantially differ-
ent from the bulk gas-phase and hence, the accuracy of the mechanism may become
questionable.
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