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“Vielfach sind allerdings Versuche unternommen wordenfinverschiedene Ma-
terialien die Menge und Leuchtkraft des aus der Gewichitegirerzeugbaren Gases
kennen zu lernen, es ist von einzelnen Forschern auch denfuensetzung der er-
haltenen Gase untersucht worden, aber es fehlt an Versuebkre alle Zersetzungs-
producte in den Kreis ihrer Aufgaben einbeziehen, sie dgiagintbestimmen und damit
ein vollstandiges Bild des Vorganges gewahren.”

Fritz Haber,Experimental-Untersuchungen Uber die Zersetzung undr&fenioing von
Kohlenwasserstofferi896, Habilitationsschrift, Technische Hochschule Kauthe



Zusammenfassung

Seit dem Beginn der Industrialisierung Ende des neunzeldakrhunderts ist Methan
sowohl fur die Energieerzeugung als auch bei der chemisShathese von zentraler
Bedeutung. Die Erschliel3ung neuer Erdgasvorkommen sauistategische Interes-
sen befeuern gegenwartig Bestrebungen Erdgas als Rahstiff fir Erdl einzusetzen.

In der vorliegenden Dissertation wird Methanoxidation er asphase unter in-
dustrienahen Bedingungen untersucht, d.h. bei hohen Tramopen und Dricken. An-
lass dazu gibt das Bestreben, die Wechselwirkung von hongsgend heterogenen
Reaktionen modellieren zu kénnen, was wiederum von derérsdgegenauigkeit des
verwendeten kinetischen Reaktionsmechanismus abhaiegubchgefiihrten Experi-
mente zielen darauf ab, der Fachliteratur entnommene Reakiechanismen zu be-
urteilen, insbesondere in Hinblick auf die oxidative Kagpd von Methan (im Engli-
schen Oxidative Coupling of Methane, OCM). Der grundlegeAdsatz besteht darin,
Reaktionsprofile zu messen und mit kinetischen numerisSlvenlationen zu verglei-
chen. Von zentraler Bedeutung ist hierbei der von der Aslgeitppe entwickelte Pro-
filreaktor. Da die Gasphasen-Methanoxidation tiber Ralkdenreaktionen ablauft,
liegt ein Schwerpunkt dieser Arbeit auf (i) der Entwickluamer optischen Sonde
zur Detektion transienter Spezies mittels Laser-Indit=tidfluoreszenz (LIF), sowie
(ii) der Modellierung des Reaktors unter Zuhilfenahme tsther numerischer Simu-
lationen, um die verwendeten Reaktionsmechanismen zentedie experimentellen
Ergebnisse zu interpretieren und die Reaktionspfade n&olziehen.

Eine neuartige Methodik wurde entwickelt, welche LIF Meggen durch eine op-
tische Faser erlaubt und somit Zugang zu sonst optisch é@nglighen Systemen ge-
wahrt. Auf diese Weise ist es nun mdglich transiente Speretzuweisen, welche
bislang nicht detektierbar waren. Im Zuge der Arbeit wurderschiedene Sonden-
geometrien erprobt und die Methodik sowohl an Hydroxyl Raliin (OH) als auch
Formaldehyd (CHO) demonstriert. Aulierdem wurde Schwingungs-Raman Thermo
metrie durch eine optische Faser erprobt, jedoch mangeds geeigneten Markermo-
lekils nicht weiter verfolgt.

Die oxidative Kopplung von Methan in der Gasphase bei einéiy/G, Verhalt-
nis von 8 wurde in einem Hochdruck-Durchflussreaktor unighs Dabei wurden die
gemessenen Reaktionsprofile mit numerischen Stromungksgionen (im Englischen
Computational Fluid Dynamics, CFD), basierend auf einerigyeeten Reaktionsme-
chanismus, verglichen. Es stellt sich heraus, dass diediftstimmung in Bezug auf
die Primarprodukte zufriedenstellend ist, jedoch wirdasondere die Entstehung der
C, Spezies weniger gut vorhergesagt. Auf Basis der Simulatiomurde eine Reak-
tionspfadanalyse durchgefuhrt, welche hilfreich fi detwcklung effizienterer Pro-
zesse sein kann.

Um die Detektierbarkeit von OH Radikalen unter fetten Bgdimgen (Methan-



Uberschuss) zu eruieren, wurden Experimente durchgefidirdenen die Reaktion
an einem Platinnetz verankert wurde. Unter mageren Bedg®yu (Sauerstoffuber-
schussg = 0.5) ist die Detektion von OH ohne weiteres maoglich, wobkli @nter die-
sen Bedingungen als Quasi-Gleichgewichtsprodukt vdrliegl hauptséchlich in der
post-Reaktionszone aufzufinden ist. Unter fetten Bedigguarg = 2.0) konnte hinge-
gen kein OH detektiert werden, da die Konzentrationen hatbrder Detektionsgrenze
(~1 ppm) zu liegen scheinen. Somit ist die Detektion bei fetigtemischen, wobei
noch geringere Konzentrationen zu erwarten sind, unwhhmskich. Die experimen-
tellen Daten beider Bedingungen wurden mit Gasphaseni&iimuoen verglichen und
der katalytische Einfluss auf die Reaktion aufgezeigt.

In Bezug auf die Detektion von OH Radikalen kann geschllgsfowerden, dass
die Sensitivitdt von (durch eine optische Faser gemesgéifemicht ausreicht, um
Konzentrationsprofile unter industriellen Bedingungenmessen. Andere (spektro-
skopische) Methoden sind erforderlich, um OH in fetten Getmén nachzuweisen.

Es konnte gezeigt werden, dass kinetische Simulationeweitvolles Hilfsmittel
fur die Interpretation experimenteller Ergebnisse d#esteDie kinetischen Simula-
tionen sind komplex und gleichzeitig Rechenzeit-intensitv dass es notwendig ist,
einen Kompromiss zwischen der Komplexitat des verwendBiesktormodells und
dem Umfang des chemischen Mechanismus zu finden. Trotzelahitzlanger Bemu-
hungen scheint es keinen universellen Mechanismus zu gaéeim allen stéchiome-
trischen Regimes exakte Vorhersagen liefert. Diese Bétibag ist von Bedeutung fur
die Entwicklung eines Modells fur die Kopplung homogened heterogener Reaktio-
nen. Nahe der Katalysatoroberflache, d.h. in der katahgiscGrenzschicht, kdnnen
die partiellen Driicke stark von der globalen Stéchiometheeichen, was wiederum
Auswirkungen auf die Aussagekraft des Mechanismus habem ka

Abstract

Methane conversion with respect to energy production as agefor chemical syn-
thesis has been of perpetual importance since the dawn afidhstrialization at the
end of the nineteenth century. The interest in natural gemadternative feedstock
to crude oil is currently boosted by the exploitation of ngalailable resources and
geostrategical considerations.

In this thesis kinetics of gas-phase methane oxidationvissitigated under indus-
trially relevant conditions, namely high temperature anespures. The work is moti-
vated by the vision to build a model for homogeneous-hetmegus coupling which
crucially depends on the accuracy of the gas-phase kinetahamism. With this inten-
tion, experiments are performed to evaluate the performahstate-of-the-art kinetic
mechanisms taken from literature, in particular with respge oxidative coupling of
methane (OCM). The key-approach is based on species pra#sumements in con-
junction with kinetic numerical simulations. The kinetiofile reactor, which had been
developed by our group, is central to these investigati@as-ghase methane oxidation



involves radical chain reactions and therefore the worki$es on (i) the development
of a fiber-optic probe to measure transient species usireg-iaduced fluorescence
(LIF) spectroscopy and (ii) the use of reactor models anétidmumerical simula-

tions in order to prove the accuracy of the applied kineticlnagmism, interpret the
experimental results, and unravel the underlying chenistr

A novel technique was developed which permits LIF measunégsntarough an
optical-fiber in otherwise optically inaccessible systefisis allows to measure tran-
sient species in the profile reactor which were previously dedectable. Different
fiber-optic probe geometries were developed and appliedefction of hydroxyl rad-
icals (OH) and formaldehyde (GI®). Vibrational Raman thermometry is attempted
through an optical fiber but discarded due to the lack of am@apfate probe molecule
under the investigated conditions.

Oxidative coupling of methane in the gas-phase is invetgtha a high-pressure
flow reactor at a CEH{O,, feed ratio of 8. Species profiles were measured and compared
to computational fluid dynamics (CFD) simulations based wrappropriate kinetic
mechanism. The agreement of experiment and simulatiorhoptimary species is
good. However, in particular the evolution of the €pecies appears to be captured less
accurately by the state-of-the-art mechanism. A pathwalyais gives insight into the
kinetics of fuel-rich methane oxidation, in particular viespect to gformation. The
information may be helpful in the design of efficient coupliprocesses.

Methane oxidation over a platinum gauze was studied withritemtion to verify
the feasibility of detecting OH radicals under methané&-igonditions. OH radicals
were readily detected under lean (excess oxygen) condifipr 0.5) where OH is a
guasi-equilibrium product appearing mainly in the postet@®n zone. Under methane-
rich conditions with an equivalence ratip= 2.0 OH concentrations appeared to be
just below the detection limit of the techniqueX ppm) and thus, detection at higher
methane partial pressures, where OH concentrations aeetpto be even lower, is
unlikely. Both experiments were compared to gas-phaséikisienulations illustrating
the impact of heterogeneous chemistry in either case.

Concerning the detection of OH radicals, the sensitivityagtical-fiber) LIF has
been proved to be insufficient to measure species profilesrindustrial conditions
common to chemical synthesis. Other (spectroscopic) mdstiadich provide higher
sensitivities may have to be employed to detect OH underanethich conditions.

Kinetic simulations were shown to be an invaluable tool teipreting the experi-
mental data. However, reactor modeling is challenging amdpzitationally expensive
requiring a trade-off between the level of detail of the teamodel and the complexity
of the chemical mechanism. In spite of decades of researoivarsal kinetic mecha-
nism accurately describing gas-phase methane oxidatiah #hoichiometric regimes
is not yet available. This fact has to be taken into consta@ravhen coupling the gas-
phase chemistry to a catalytic mechanism in a homogenestesegeneous model. In
proximity to the catalyst, i.e. within the catalytic boumgldayer, the partial pressures
may be substantially different from the bulk gas-phase amtté, the accuracy of the
mechanism may become questionable.



Contents

Classical Approach to Light-Matter Interaction . 21

Molecula attering in Gases on a Macroscopic Scale . 23
4 __Absorption and Emission of Radiation . . . . . . . ... ... 4 2




Results 46

4 Radical Detection in Harsh Environments by Means of Laser+shduced Flu-

orescence using a Single Bidirectional Optical Fiber 47
4.1 Introduction . . . . ... .. 47
4.2 i | e 49
4.2.1 Characterization of Laminar Premixed Flame 49
4.2.2 Fiber Couolin§ and Laser-Induced §Eafﬂering 50
i i i i iciency .. 53
44 Resulls. ... ... ..., 55
4.4.1 Collection Efficiency and Detection Volume of Biditieoal
Fiber . . . . . . 55
4.4.2 LIF OH Detection using Bidirectional Fiber Probe inrsta
Environment . . .. ... ... ... . 57
N e e e 57

5 Fuel-Rich Methane Oxidation in a High-Pressure Flow Reactostudied by
| Optical-Fiber Laser-Induced Fluorescence, Multi-Speciessampling Pro-
file Measurements and Microkinetic Simulations 59

5.1 Introductioh . . . . . ... 60




Introduction



Chapter 1

Motivation

This chapter gives a general overview for the interest irham@ conversion, followed
by a brief synopsis of (oxidative) methane processes. Fhisrfdllows 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 indligation and a grow-
ing world population go hand in hand with an escalating dedrfan energy and ex-
ploitation of resources. Despite political incentives éachnological development for
the use of renewable sources, on a global scale mankindgfgapyienergy consump-
tion depends almost exclusively on fossil fuels. Apart friti@ nuclear fuels and coal
which are almost exclusively used for generating eledyticrude oil and natural gas
constitute the principal resources for electricity getiera heating, transportation and
industrial production. Increasing demand on the one hamdidavindling reserves and
exploitation of new resources on the other hand are refléctétt prices for the indi-
vidual hydrocarbon fuels. Figute 1.1 shows the developro&ptices for natural gas
and crude oil for different production sites during the thsee decades. It can be seen
that there has been a generally increasing price trend gieceirn of the millennium
for both fuels, followed by a sharp decline in 2008—2009 (@oaph). Although this
drop may be attributed to the global financial crisis theranisther trend which is re-
covered by looking at the relative prices of natural gas cameqh to oil (bottom graph).
Hydraulic fracturing, a production technology for shales gehich has become avail-
able in the United States, has lead to a strong relative chvstrdage of natural gas in
the US. However, also on the European continent, whereisi@pttowards fracking
is more pronounced and the technology has not yet been isktadlon a large scale,
the general price trend is slightly in favor of natural gdee(tlashed lines indicate the
linear regressions for the European NG prices). Besidess tre indications that peak
oil production outside the Organization of the Petroleurpdtting Countries (OPEC)
has already been reached [1] and also geostrategical Esugay threaten the global
supply with oil in the future. Chemical industry has evercsimelied predominantly on
crude oil as the feedstock for the production of liquid fustsl base chemicals. In the
light of the above trends, chemical companies as well asmateconomies currently
strive for a strategic diversification of resources and thieversion of natural gas to
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Figure 1.1: Natural gas (NG) and crude oil price trend (top), and raticratie oil price
to natural gas price (bottom). The latter can be interprateal measure for the relative
cost of NG vs. crude oil and shows a significant benefit for tBehub in recent years.
The dashed lines are the respective linear regressionsd@uropean hubs indicating
a smaller upwards trend for these markets, too. (cif = cost#ance+freight (average
prices)). [data adapted from BP Statistical Review of Wéitebrgy, June 2013]

value-added chemical products are of key significance ferttocess.

Another motivation in the conversions of methane lies inféot that many natural
gas sites are located in remote areas or off-shore. Due tlthenergy-density of
methane and because pipelines or liquefaction facilitiescastly transportation be-
comes uneconomical. Although prohibited in many countrilesing of natural gas,
which is dissolved in crude olil, is still a wide-spread roeti even though COre-
leased into the atmosphere has a smaller global warmingcintipan methane. Given
this wasteful conduct, economical on-site processing téglsourage utilization, in-
crease profit and help saving resources [2]. Besides, metiay be produced from
fermentation of organic material and might thus contribiotehe development of a
sustainable carbon-neutral society.

In order to illustrate the profitability of natural gas corsien, ethylene production
will serve as an example for a brief economic consideratigght olefins, such as ethy-
lene and propylene, are essential industrial compoundsanstitute precursors for
various industrial and consumer goods in the form of plasfibers and other chemi-
cals. In Europe ethylene is predominantly produced by steraicking of naphtha [3]
and in turn pricing is strongly dependent on crude oil supiysummer 2013 ethylene
spot prices amounted to roughly 1000 EUR/mt FD NWE (free dedid northwest Eu-
rope). Direct conversion of natural gas by oxidative cauplof methane (OCM) is a
potential direct production route for ethylene. The ndtges price in Europe recently
amounts to~10 U.S. dollar/million Btu (approx. 7.5 Euros/2&jraccording to Figure
[L.3. Assuming a 30 % yield one can roughly estimate that etigypricing is of the
same order of magnitude (i.e. 1500 EUR per metric ton) adezihyextraction from
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crude oil. However, with respect to gas prices in the US we dinethylene price of
only 500 EUR per metric ton. Though this rough estimate da¢sake into consider-
ation investment costs and running expenses, it shows thtitame conversion might
become a competitive process to conventional productiera #econd example for the
economic, political and geostategical interests in meth@mversion serves the con-
struction of the Pearl GTL plant in Qatar by Shell and Qatargbeum. The plant has
reached full production capacity in the last year and is thedis largest gas-to-liquids
plant based on methane-to-olefins conversion via Fischmpsth systhesis.

In spite of all economic and ecologic incentives for conwerof natural gas to
higher-value chemical products, nowadays, natural gasllipsedominately burned
for heating and electricity generation purposes [4]. Costibn chemistry is a vivid
research field and although combustion science may be areslid traditional and ma-
ture research field, methane oxidation is still of great irtgoace for the design of e.g.
domestic boilers and modern power plant gas turbines. Theégaearch fields, com-
bustion science and chemical synthesis, rely on the samergog chemo-physical
principles, and therefore it is natural to approach thecapithis perspective and to
tackle it with the experience and concepts of both discgsin

1.2 Methane Oxidation Processes

Oxidative methane conversion can be categorized by thehstonetry of the reactants,
i.e. in terms of the methane-to-oxygen ratio £Z8; or likewise in terms of the equiv-
alence ratiap which is commonly used in the combustion community and ddfaee
the ratio of the methane-to-oxygen ratio to the stoichisimehethane-to-oxygen ra-
tio, i.e. ¢ = (CH4/O3) / (CH4/Os)y; . Oxygen-rich stoichiometries (CfO, < 0.5 or
¢ < 1) are characteristic for combustion systems. In chemiaath®sis methane-rich
stoichiometries are employed up to the point of pyrolysid{(©, > 1 or¢ > 2). Ta-
ble[1.1 summarizes oxidative as well as pyrolytic methanetiens with their reaction
energies and entropies.

1.2.1 Methane Combustion

The products of methane combustion are carbon dioxide atetwa
CH4 +2 O3 — COy + 2 HoO. (1.1)

In contrast to chemical processes, air is generally usedidier in combustion pro-
cesses which brings nitrogen chemistry into play. Deshiddss in efficiency modern
gas turbines are generally operated with excess oxygem @igeration mode) in order
to ensure complete combustion on the one hand, and to dedieasnaximum tem-
perature on the other. The efficiency of an idealized gasrteris thermodynamically
given by

(Ty/Tp) (1 = A7) — (AV7e — 1)

(T /Ty) — AY/ne)

whereTj is the ambient temperatur&; the turbine entrance temperature(p,/po)
is a function of the compression ratigr and nc are the polytropic efficiencies of
turbine and compressor, respectively (each can be assunbedcbnstants of approxi-
mately 0.9)|[B]. It can be shown that, for a given compressatio p/po, the efficiency
increases with the turbine entrance temperafurgvhich is given by the combustion

th = (1.2)
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1. Motivation

Reaction AHY A AG

CHy — 1/2 GHg + 1/12 H, 33 -6 35
CH, S C(s)+2 H 75 81 51
CH, — 1/2 GHy + 3/12 H, 189 110 156
CH,+20, — CO,+2H,0(g) -802 5 -801
CH, + 3/2 0, — CO + 2 H,0(g) 519 81 -544
CH;+10, —CO;+2H, -319 84 -344
CH,+0;,  — CH,O + H,0(q) 283 16 -288

CHy+3/40, — 1/6 GHg + 312 H,0(g)  -274  -12  -271
CHy+3/40, = 1/2GH, + 312 H,0(g)  -174 44  -187

CHy + 1/2 O, — 1/2 GHy + H20(g) 141 10 -144
CH, + 1/2 O, — CH30H(g) 126 -49  -112
CH,+1/20, > CO+2H 36 170  -87

CH, +1/40, — 1/2GHg +1/2H,0(g)  -88 -28  -80

Table 1.1: Overview of pyrolytic and oxidative methane conversionctess (in
kJ/mol and J/mol K, respectively at 300 K, thermodynami@peaters taken from/[5]).

temperature. Therefore a maximum combustion temperataspired. However, there
are two reason why this is impractical. (i) The rotor bladethe turbine’s first stage
at the outlet of the combustion chamber only resist a cett@@mmal load. Thanks
to dedicated materials and internal blade cooling maximemmperatures 01700 K
may be achieved in modern systems, though adiabatic flanygetatare of methane-
air amount to~2200 K. (ii) Nitric oxides NQ emissions are hold responsible since
they lead to formation of acid rains and smog. However, NCceatrations depend
on temperature exponentially and at temperatures chaisitdor fuel combustion
(1800 K and higher) the equilibrium NO concentrations egset500 ppml[7]. This
process is known as thermal NO formation or Zeldovich meisiman

N»+0 =NO +N (1.3)
N+0,=NO+0 (1.4)
N+ OH = NO + H. (1.5)

1.2.2 Chemical Synthesis

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

Indirect Conversion

The indirect conversion route begins with synthesis gasgag) production by highly
endothermic steam (or less often §@eforming

CH4 + H,O — CO + 3 Ha, (1.6)
CH4 + COQ —2C0O0+2 H2 (17)

12



1.2. Methane Oxidation Processes

or, alternatively, through exothermic partial oxidation
CH4 +1/2 O3 — CO + 2 Hs. (1.8)

The H,/CO ratio required for subsequent processing can be adjbgtéhe water gas-
shift reaction

CO + Hy0 — CO4 + Hy (1.9)

may be further converted in gas-to-liquid processes, hkdiischer—Tropsch synthesis
or the Mobil process for liquid hydrocarbons generatiostf jo name some examples
for syngas processing [10,/11, 2]. Alternatively, direatwersion routes would gener-
ally avoid the cost-intensive syngas generation step waitbunts to 60-70 % of the

cost of the overall process [12,/13].

Direct Conversion

Examples for direct conversion processes include pym®fys. thermal coupling) and
partial oxidation or oxidative coupling. While the desiratguct in partial oxidation
is commonly methanol, here we will restrict our attentioroxidative coupling to C2
products. Itis convenient to first look at thermodynamicgidarations for pyrolysis of
methane, and subsequently, discuss the oxidative progdgssaspect to the formation
of coupling products.

Pyrolysis Pyrolysis is the transformation of organic materials bytle#he absence
of oxygen. It is an endothermic process and one generalgmolnl pyrolytic coupling
of methane is the fact that the C-C bond of the desirable aagiptoduct (HC-CH; —

2 CHs, A, H%(298 K) = 377 kd/mol) is weaker than the C-H bond in the edueC{H

— H + CHs, A.H%(298 K) = 439 kJ/mol) which poses an inherent thermodynamic
handicap to the process [14]. The Gibbs free energy of faomaian be interpreted as
the physical concept underlying chemical intuition. The carves in Figuré1]2 show
the Gibbs free energies of formatidyG® per C atom for a number of hydrocarbons
as a function of temperature. Given an initial ensemble of @idlecules the Gibbs
energy of formation\;G° of each hydrocarbon molecule reflects its relative stahilit
with respect to its constituents and other hydrocarbonigspee.g. the formation of
a C2 species is favorable if its Gibbs free energy is smatlen that of two methane
molecules. It can be seen that methane constitutes the tabs siydrocarbon up to
1300 K. At higher temperatures benzene, and subsequertledty00 K acetylene
becomes the most stable hydrocarbon. However, at the samadthie decomposition
into molecular hydrogen and carbon is encouraged for tempess greater than 800 K.
Only for temperatures in excess of 4200 K acetylene is evar stable than the ele-
mental species due to its negative slope. The resultindileguin calculations, which
include constraints due to the conservation of elementspdce methane as a func-
tion of temperature are shown in Figlirel1.3. The highestybret yield is achieved
above 1500 K. However, as noted before at these temperatoegdene is less stable
than C(s) and K and therefore decomposition has to be overcome by quendthéng
reaction, i.e. short residence times on the order of 0.1-4 (5.

Oxidative Coupling By adding oxygen to the system the process becomes exergonic
i.e. the energy of the endothermic thermal coupling {GH1/2 C,Hg + 1/2 Hy, A, G
=36 kJ/mol at 1000 K) is provided by binding the liberatedfogen (CH + 1/4 O, —

13
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Figure 1.2: Gibbs energies of formation:G® (per carbon atom) of hydrocarbons and

water as a function of temperature. Red graphs refer to thalysjs process, while

the blue graphs correspond to additional oxygenate preduthe Gibbs energy of

formationA;G of each hydrocarbon molecule reflects its relative stafititerms of

its elements with respect to another hydrocarbon moleéula.given temperature, the

most stable compound corresponds to the lowest Gibbs enéfggmation (calculated
from CHEMKIN thermodynamic database).
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Figure 1.3: Equilibrium composition of methane pyrolysis at atmospgheressure
(calculated for constant pressure and temperature usingMEHN thermodynamic
database, excluding C(s)).
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Figure 1.4: Equilibrium composition and temperature as a function of,{CH ratio at
atmospheric pressure (calculated for constant pressdrerghalpy using CHEMKIN
thermodynamic database, excluding C(s)).

1/2 GHg + 1/2 H,0, A, G° = -60 kd/mol at 1000 K). This is also seen from Figuré 1.2,
now also taking into account the oxygen containing speaegted by the blue curves.
The equilibrium composition and temperature as a functio@h,/O, ratio is shown
in Figure[1.4. For methane/oxygen ratios close to stoickioyn(CH,/O, = 0.5) major
products include not only $#0, CO, CQ and H, but also OH as well as H and O atoms
due to the exceedingly high temperature of the undilutedumix(3000 Kﬂ. Around
CH4/O, = 2 partial oxidation to syngas has high yields. Beyond tloécBiometric
point the equilibrium temperature falls drastically andheéns around~900 K for
CH,4/O; ratios greater than 2. CO and hydrogen are the principalyatedCQ and
water are minor products on the order of some percent andeta ethylene are the
only higher hydrocarbons above ppm level.

In contrast to the discussion for methane pyrolysis, whieegntodynamics lead
a long way, the thermodynamic considerations become ted@umethane oxidation
at this point. High yields for C2 species cannot be expeatenh fa thermodynamic
point of view. However, a real system involves chemical kseas well as transport
processes which may considerably alter the product patténetics can be influenced
e.g. by the use of a catalyst, and a positive transport éffexthieved e.g. by imposing

1Though the adiabatic flame temperature of methane-air mixtustsgaches-2200 K, this is still suf-
ficiently high to produce considerable equilibrium amourit©bl radicals ¢~3400 ppb). This may explain
why OH is readily detected in combustion studies.).
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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 workasivated by the groups’
research on oxidative coupling of methane (OCM). For dezambédative coupling to
ethylene has been a desired direct conversion route. Dureetthérmodynamic limi-
tations discussed above, it is necessary to manipulatdribéds of the process. With
this intention, research and industry have focused on thelalement of efficient cat-
alysts, however yields 0+30 % have not been overcome [[17] 18]. It's noteworthy
that there are reports which predict an upper bound 2 % yield of a catalytic pro-
cess based on thermodynamically consistent kinetics #rabe incorporated into a
reactor-transport model to generate yield trajectori€§. [Bimilar mechanistic con-
straints, independent of employed catalyst, were alreadlyfgoward earlier|[20]. It
appears that the reaction proceeds via a heterogeneousgbarous mechanisin [21].
That means that apart from the catalytic surface chemigtissphase chemistry might
become competitive due to initiation of gas-phase reast{dne to the high temper-
atures) and high rates of intermolecular collisions (duelévated pressure under in-
dustrial operation). In addition to the catalytic and hoergpus activity, heat- and
mass-transfer to and from the catalyst come into play, agacommonly referred
to as homogeneous-heterogeneous coupling (Figure 1.%)offén cited mechanism
by Lunsford suggests ethane is being produced mainly bydbpling of the surface-
generated Cklradicals in the gas-phase [22]. In fact, it was shown eg2igyand the
present experiments confirm that OCM even occurs in the abswra catalyst though
a catalyst generally leads to increased selectivities. cklénis natural to strive for
a comprehensive model of homogeneous-heterogeneous agneomprising surface
and gas-phase reactions as well as heat- and mass-trarmfesges. Obviously, the
model depends on an accurate kinetic mechanism to desbebgas-phase reaction
network which is yet another motivation to the present kingtudies.
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1. Motivation

1.4 Objective and Outline of the Thesis

With regard to the above motivation, the aim of this thesithéinvestigation of gas-
phase methane oxidation kinetics. Modeling of the extenaivd complex reaction
network relies on kinetic mechanisms listing Arrheniusapaeters for the relevant el-
ementary reactions. However, there are nhumerous mechsuaigailable in literature
[24] and some kinetic parameters reported by different@stteviate from each other
by orders of magnitude [21]. Many mechanisms originate ftbencombustion com-
munity (i.e. under conditions close to stoichiometry, infad systems and elevated
temperatures), some are optimized with respect to restriconditions, and hence
extrapolation to conditions typically found in the conteftchemical synthesis may
not be adequate. Throughout the thesis we will encounteethifferent methane-
oxidation regimes: stoichiometric combustion in an opamaspheric Bunsen-type
flame, fuel-rich methane oxidation in a high-pressure floscter with intent to study
gas-phase oxidative coupling kinetics, and catalyticadigisted combustion and partial
oxidation on a platinum gauze.

The thesis is based on a complementary approach, compeisoggimental as well
as numerical methods: (i) Since methane oxidation invotaeiical chain reactions,
a special emphasis in this work lies on the laser-spectpisaetection of radical
species. To this effect, laser-induced fluorescence (ldFniployed for the detec-
tion of OH hydroxy radials, which is a species commonly irdgated using LIF in
combustion science [25]. However, according to Chen et2d] fnethyl (CH) and
hydrogen peroxy radicals (HQ are the most abundant radicals under conditions com-
mon to oxidative coupling (CIHO; 2 - 8) and their concentrations are calculated to be
on the order of 10* mol/m* (~1 ppm). Other radical concentrations are expected to
be several orders of magnitude lower and therefore a maplieriye lies in the re-
quired detection efficiency of the diagnostic. Another tEhaje is the development of
a detection scheme allowing the in situ detection in a closegdtor without optical
access which is accomplished by means of optical fibersTl{i§) second emphasis of
the thesis lies in the kinetic modeling of the reacting flovasBd on the complete set
of Navier-Stokes equations comprehensive computatiamdl dlynamics (CFD) simu-
lations are performed which take into account the elemgtdaetics of the system as
well as heat and mass transport processes. In other caspify{shg assumptions are
made giving rise to reactor models which are computatigrieds expensive.

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

Introduction

Subsequent to the motivatioBhapter [2 provides the theoretical background for the
experimental and numerical methods used. Based on fundalnelations the impor-
tant governing equations are developed.Clmapter [3 some practical aspects of the
experimental techniques are summarized. In particulataser-spectroscopic meth-
ods employed throughout the work are presented.

Results

The novel fiber-optic probe enabling in situ LIF detectiorharsh environment is in-
troduced inChapter[4l Detection of OH radicals is demonstrated in a stoichioimetr
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1.4. Objective and Outline of the Thesis

CH,/air flame, which is characterized by vibrational Raman thermometr&Chapter
is dedicated to the investigation of gas-phase fuel-rictharee oxidation, common
to oxidative coupling conditions (CHO, = 8), in a high-pressure flow reactor. Ki-
netic profiles are measured using a multi-species sammtimtque as well as GO
detection by means of the fiber-optic LIF technique. Kin&kD simulation are per-
formed and the results are compared to the experimental déta OCM gas-phase
reaction mechanism is discussed. Eventuéllyapter[Sreports on catalytically stabi-
lized methane oxidation on a platinum gauze which are irgdrid prove the feasibility
of OH detection using LIF under the conditions of interestl adicals are readily de-
tected under lean conditions € 0.5). However, in the fuel-rich regime € 2.0) OH
concentrations are just below the detection limit whichasgs the limitations of the
diagnostic. Both experiments are compared to gas-phaseistng simulations.
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Chapter 2

Theoretical Background

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

2.1 Optics

2.1.1 Maxwell's Equations

The following section recapitulates the basics of lightterainteraction in terms of
classical electrodynamics in order to summarize essettimlacteristics of the laser-
diagnostics used in this work. Rayleigh, Raman scattenmbadbsorption are derived
from the same underlying principles of radiation-dipolenaction.

Many optical phenomena can be understood and interpretstiben Maxwell's
equations|[25]. Adopting the common notation by|[26, 27F thfferential set of
Maxwell's (macroscopic) equations is:

V-D=p 2.1) V.-B=0 (2.3)
0B oD .

where E and H denote, respectively, the electric and magnetic fidiland B are
defined as the electric flux density (also called displacérfield) and the magnetic
flux density, respectively, and are specified by the eleeinit magnetic properties of
the mediumy is the free (unbound) charge density gntthe current density.

Two more equations are required in order to solve the set ofldH’'s equations.
The constitutive equations represent the electric and etagoroperties of the medium
by defining the electric and magnetic flux densitl@sand B as

D =¢cE + P(E) (2.5)
B = yH + M(E) (2.6)

While the electric permittivityey and the magnetic permeabilify, are natural con-
stants, the polarization and magnetization denBity) and M (H) are functions of
E and H, respectively, and specify the response of the bound change currents to
the acting fieldsE2 and H. In the vacuumP and M would vanish. Since this work
focuses on non-magnetic media we assubfe= 0 and restrict our attention to the
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2.1. Optics

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

P=c > xXVE’ (2.7)

wherex () are the electric susceptibility tensors of degreel.

In a molecular picture, a sinusoidal electric fidldexerts a force onto the charged
particles constituting the molecule and the light elecirbegin to oscillate against
the heavy nuclei, creating an oscillating induced dipole.fdct, the polarization is
defined as the sum over all molecular dipole moments indugéldebelectric field, but
a molecular description of that process will be given in thetrsection. In most cases
the charge displacement is small and it is sufficient to assaitinear response of the
medium to the applied electric fiel, thus neglecting higher-order terms. Only if
the electric field becomes sufficiently strong, i.e. combkr#o atomic electric fields
~ 10% —10® V/m, the non-linear terms become important. For instarygégal higher-
order susceptibilities are on the orderd®) ~ 1, y® ~ 1073 — 1071022 (except
for isotropic media wherg(?) vanishes for reason of symmetry)(® ~ 10-2% —
10~ 1812 [28,[27].

In most cases a linear relation is sufficient, therefore éiigirder terms are omitted
and the constitutive equation becomes

D=cgE+ey XV E
= (1+x") E (2.8)
=¢cg e FE
wheree = 1 + (V) is the medium’s dielectric constant.
Using the above relation it is now possible to elucidate ttogagation of light in

matter. By taking the curl of equatioh (2.2) and using thetaeitentity V x (V x
E)=V(V-E) - V?E, we find the wave equation

62
VQ E — MO&O&W =0
2.9
9 n? 0*E (2:9)
VB G O

where we have used the definitions of the speed of light( <o) ~'/? and (complex)
refractive indexn = /e. An analogous expression is found f&F. Solutions of the
wave equation are of the forii = E(x) exp (—iwt) 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 expressedrinst of the charge
densityp(x, t),

u:/p(w,t)wdga: (2.10)
which in turn can be expressed in terms of the Dirac deltatfoand(x), so that

plx,t) = >, ¢ {x — x;(t)), whereg; is the point charge found at positia ().
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2. Theoretical Background

In the simplest case of say a proton and an electron sepdratadiistance vectad,
p(z,t) = efx—d/2)+(—e) {z+d/2), and hence the permanent dipolgjs, = ed.
Molecules are dynamic systems and their vibrational mdsdsest described in terms
of the equilibrium coordinates; = x; — x;o, Wherex; are the equilibrium positions.
The molecule is characterized by # — 6 normal modes (linear molecules have has
3N - 5 vibrational modes), each being associated with anmnéigguencyw,. As a
consequence, the molecule’s permanent dipole oscill&tegtats equilibrium value,
u’per (t) = ﬁ’per + H’;)er COS(wUt) .

An important consequence of Maxwell's equations is thetfeattaccelerated charges,
represented by the dipole momemnt emit electromagnetic radiation. In the far field,
i.e.r > g;, the electric field is

1 (fixe)xe,

 dmegc? r ’ (2.11)
wheree,. is the unit vector inr direction. In this classical picture, this implies that
an oscillating molecule will emit at an angular frequengy Of course this picture
is incomplete since we know from quantum mechanics that ithrational modes are
guantized and that a molecule can either emit or absorbtrawithrough transitions
from one state to another. It was Planck’s discovery, thatftequency of the elec-
tromagnetic wave is related to the energy carried by thegohby hv = E; — Ey.
However, it is interesting to note that this simple cladsinadel can explain infra-
red absorption of simple molecules: a molecule is infraaetive if there is a non-
vanishing change of the dipole moment due to the vibratiaration, o/ 9s;|o # 0.
Generally, homonuclear diatomic molecules are not inflaretive since they do not
posses a dipole moment at all, while heteronuclear dia®amcl non-linear triatomic
and larger molecules have infrared-active modes. A moaigs explanation for this
symmetry relations is provided by group theory. A vibratibmode is infrared-active
if it has the same symmetry as a component of the dipole mowssorzx, v, z. For
this purpose, the symmetry properties are listed in theathear tables.

Apart from the permanent dipole moment, a dipole can be iediny an incident
electromagnetic field;,,. = E,. cos(k - ¢ — wt), where the wavelength = 27/ |k|
is typically large compared to the characteristic size &f tholecule. The polariz-
ability tensorq is the proportionality factor determining the responsehefmolecule
in terms of the induced dipole moment,; = aFi,.. In other words, the nuclei
are displaced from their equilibrium positions in the diiea of the perturbing field
E;.., and electrons are drawn in the opposite direction. Howeaerording to the
Born-Oppenheimer approximation the nuclei are comparaéayy it can be assumed
that the displacement of the electrons is the principalafor the induced dipole mo-
ment. Every molecule has a non-zero polarizability everhiés a vanishing permanent
dipole moment.

Itis now of interest to examine the case when the angulauéecy of the incident
field w is far from resonance, > w,. If we take into consideration that intramolec-
ular forces will change if the charges are displaced fronir thguilibrium positions,
the polarizabilitya(s;) becomes a function of the coordinatgsand as a first order
estimate it can be rewritten as

a=al,+Y Va s (2.12)
For normal modes all oscillations are at the same frequeney,s’; cos(w,t), and the
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2.1. Optics

induced dipole moment of the molecyle,,, is therefore given by

~

Bing = &l Finc cos(wt) + Z Val ¢'icos(wyt) Eiyc cos(wt)
i

= o, Eine cos(wt) + Z Val ¢ Eine (cos((wy — w)t) + cos((wy + w)t)) .

(2.13)

The first term in equation (2.13) is the origin of elastic Ragh scattering at the same
frequency as the incident field, whereas the second terns gisee to the inelastic Ra-

man effect. It comprises two Stokes shifted frequencies w, named anti-Stokes

and Stokes respectively, where the less probable Stokest effiquires the molecule
to be in an excited state and more energetic photons areeeinaittare incident on the
molecule, whereas in the other case energy is transferrind tmolecule and it is left

in an excited state.

Again, this classical expression is sufficient to determitether a molecule is
Raman-active. The requirement is that the change of theipakdlity due to the vi-
brational motion is non-vanishingla /9, # 0. We recall that the requirement for
infra-red activity isdp/9s;|o # 0.

2.1.3 Molecular Scattering in Gases on a Macroscopic Scale

A gas is constituted of randomly aligned molecules. The nmd#on is a tensor
guantity and depends on the orientation of the molecule. Weawcount for direc-
tionality by taking the mead...) over an ensemble of randomly aligned molecules.
Hence the mean induced dipole momémt, ;) depends on the mean valugd, ) and
(>_; Val ¢’;). For spherically symmetric molecules the former tengdp) will be
isotropic which results in scattering with the same poktian direction as the incident
electromagnetic field, while in general it has to be considg¢o be non-isotropic. In
the latter case the scattering comprises a depolarizedaenp i.e. perpendicular to
the incident field. The depolarization ratig represents the ratio of the parallel and
perpendicular components and is of the order?fbr molecules in question in the
context of this study [29]. Thus, in what follows, it is justid to consider the mean
polarization{«/|,) to be an isotropic tensor.

If one considers that the incident field is polarized alongtfaxis, then so will
be u;,4 and the double cross product in equation (P.11) is equivabefii) sin(9) e,
whered is the angle between the radial vectgrand the polarization axis. The result-
ing electric field is given by

Einc .
= T T 5111(19)< (al],) w? cos(wt)+

(Z Val <) (w—wy)? cos((w — wy)t) + (w + wy)? cos((w + wv)t))> e..
(2.14)
It is noteworthy that the scattering signal itself is patad in the same direction as

the incident field and that it vanishes@s(J) = 0, i.e. there is no scattering in the
direction of the incident field polarization.

23



2. Theoretical Background

The irradiancd in units of Wi 2 is found by taking the temporal integral, which
yieldsI = 4¢|E'|?,

1
IRay 0.8 ) Iinc Sin2(19) <Oé‘0>2 w4
: T

) » ) \ (2.15)
TRam X = Iine sin®(9) <Z Va| ) (w £ w,)?,

for the Rayleigh scatterindr,, at frequencyw and for the Raman signdka.., at
Stokes shifted species specific frequencies w, respectively. The polarization term
and the frequency dependence are conventionally accotortédthe cross-sectioa
to giveoray = (al,)? w! andogram = (32, Vo ¢)*(w +w,)*.

On a macroscopic scale every molecule in the probe volumearitribute to the
scattering process and the signal will be proportional éorthmber density.. In a gas
mixture, characterized by mole fractios, the effective cross sectian is given by
the mole fraction weighted average of the individual cresgienso;,

Tot = »_ 0:X;. (2.16)

It is convenient to express the signal strength in terms wfgoger solid angle

AP IdA
== 2, (2.17)

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

Io = Iine sin(9) n oeg. (2.18)

2.1.4 Absorption and Emission of Radiation

The above classical derivation gives a qualitative pictar@ipole radiation processes
but fails to provide a complete model for the dipole traositi and their intensities.
Again, the electric dipole is key to understand this, but mothe framework of quan-
tum mechanics. The electric transition dipole moment betwstates to j is given
by:

piy = [ WAV de = (waly,) (2.19)

where ¥, = ¢ (x)exp(—iE;t/h) denotes the time-dependent wave functigiix)
the stationary wave functiofy = >, ¢,x,, the electric dipole moment operator and
(...) the common bra-ket notation. For= j the time-dependence cancels and due
to the symmetry of the integrand the transition moment Veess In contrast to the
classical model, in quantum mechanics there is no statisclating dipole moment
and therefore no radiative exchange of energy is possible£l; the time-dependent
terms yieldexp(—i(E; — E;)t/k) so that now there is a oscillating dipole moment of
frequencyw = (E; — E;)/h. In this way the Planck relation is recovered.

The probability of a transition between two staieand ;j is proportional to the
square of the transition dipole moment

2

Mij = ’/w;kﬂwj d3:n (220)
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2.2. Statistical Thermodynamics

For vanishing);; the transition is said to be forbidden, which leads to thenitégn

of selection rules. The transition moment can be separatad electronic, vibrational
and rotational parts. Each contribution can be analyzedighehlly resulting in distinct
selection rules for electronic, vibrational and rotatidnansitions. For brevity we will
not go further into this discussion, Herzberg [30, 31] andiyrather references provide
detailed derivations for selection rules and list transitenergies and intensities of
various molecular systems.

2.2 Statistical Thermodynamics

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

2.2.1 Derivation of Partition Function

After Boltzmann, the macroscopic entropy of a thermodyrasystems' is related to
the probabilities of the possible microstatgghrough the relation:

S=—kpy pilnp:. (2.21)

This relation links the experimental (observable) entriapthe states of the molecules
constituting the gas (or any other collection of indepengeticles be it atoms or
electrons in a free electron gas) on account of their micqoiscproperties. The ther-
modynamic equilibrium postulate attributes an equal pbditato each accessible mi-
crostates of an isolated system, pg= 1/Q with Q = Q(U, N, V') being the number
of microstates consistent with the given macroscopic bagndonditions(U, N, V).
Such a system is called microcanonical and simple algetreaisformations yields the
equation in the form in which it is engraved into Boltzmaniwmbstone

S(U,N,V) = kg InQ(U, N, V). (2.22)

The canonical ensemble describes a closed systevith indefinite energy but in
thermal equilibrium with a reservoiR. This implies that the system sustains its tem-
perature€l’ by exchange of energy with the reservoir and that its tenipegas given
by the reservoir's temperature. The reseniitself is supposed to be much larger
than the canonical syste® (and therefore has an energy which remains essentially
unaffected from any changes of the energySyf It is crucial to note that the total
system consisting of reservd® and subsysterfi constitutes a microcanonical system
to which the postulate of equal probability applies again.

We would like to know the probability (E) of finding the canonical subsystesh
in a microstate of energ¥; under the constraint of a given enerty,; = Ur + E;
of the total systefly which can be expressed in terms of the number of states of the

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

reservoir having an enerdy,.. — £; (see e.g..[33])

i) - 2l 0

Since the expressions in the numerator and denominatoelated to the reservoiR
and total system, respectively, they can be expressedrirstef the entropies (equa-

tion (Z22))

(2.23)

fi = €Xp (SR(Utot - Ei)/k'B)
’ exp (Stot(Utot)/kB)
At this point we will need another important law of thermodymics which is the
Gibb’s fundamental equation

(2.24)

dU(S,V,N) = TdS — pdV + pudN (2.25)

whereU is a function of the independent extensive quantie¥, N and we have
employed the definitions of the intensive quantities terapgeT = oU/0.S, pressure
p = —0U/9V, and chemical potentigh = 0U/ON. We note thatSio(Usor) =
Sr(Uwot —U) + Ss(U) whereU is the average energy of the canonical systerive
note further thaS; can be expanded aroubd,, — U, we obtain:

Sr(Utot — i) = SR (Uter —U +U — Ej) (2.26)
= Sp(Uses ~U) + 2 ;E (2.27)
where we have used the equation 2.25, = dU/T|y,n. Resubstituting into equa-
tion[2.24 yields
f(E;) = exp (UkB;jS> exp (kBE1i>' (2.28)

Without elaborating on the recovered expresdioa: U — T'S know as the Helmholtz
potential, we observe thakp (U — T'S/kgT) is independent of; and can be inter-
preted as a normalization term when summing over all states

F —FE;
;fi = exp <k;BT> ;exp (kBT) = (2.29)
= Z(T) :=exp <l;31;> = Zexp </€_B€i> (2.30)

This expression is the canonical partition function deddeZ (7") which can be eval-
uated in terms of the microscopic properties of the systerrgby all states of energy
E;. The molecular partition functions of common molecular elscare summarized
in table[2.1.

The partition function can be interpreted in several ways tke one hand, the
partition function is a measure of the number of thermallsezsible energy states, i.e.
if the temperature increases the particles can more easisa higher energy levels.
E.g. a partition function of order unity dictates that esisdly all particles reside in the

analogue of our system of interest, the white dice corredpothe reservoir, the numbers shown correspond
to the energies of the respective systems, and the regtrictidhrows 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 Eians = % = B ans(T) = mmkﬁ#
massm confined to a vol-

umeV

Rotation of rigid linear Eio =hcBJ(J+1) Zyot(T) = 26T

molecule with rotational

constantB

Rotation of rigid spheri- E,oi = hc BJ(J+1) Zyot(T) = w(’;’jg)g
cal top molecule with ro-
tational constanB

Rotation of rigid symmet- E,o; = he BJ(J+1)  Ziot(T) =\ 5z (%)3
ric top molecule with rota- +(A — B) K2
tional constantd? and A

—hw _1
Vibration of molecule Eyy, = hw;(v+ %) Zwin(T) =11, <1 —e kBTl)
with ¢ vibrational de-

grees of freedom with

eigenfrequencies;

Electronic excitation with E(ground state) =0, Z(T') = gel
first excited state’s energy F.(excited states)> (g, degeneracy of ground state)
E> kgT kgT

Table 2.1: Molecular energy terms and partition functions (adaptednf{32] with
energy terms and patrtition functions according to [30]).

ground state. More precisely, the Boltzmann distributioespribed by equatiof (2.28)
defines the temperature in terms of the molecular populatistibution and hence
provides the basis for laser thermometry. On the other hirgdpossible to derive all
macroscopic properties of a system based on the knowledte afystem’s partition
function. E.g. it follows by definition from{2.30) thaf = —kgT'In Z, and the
average energlyf = (E) of an ensemble is found by writing

E>:ZEif( ZEM——*Z exp (—BE;)

__l@ﬁ__@an
- ZoB o8

(2.31)
where we have introduced the thermodynamic betal/(kgT).

2.2.2 Transition State Theory

In a nutshell, transition state theory allows to obtain th&ction rate constattform
the molecular properties of the reactants and the correspgiransition state complex
[32]. The so-called activated complex is supposed to be asigequilibrium with the
reactants and once the transition state is reached it is&shtinat the product is formed

A+B=AB' 5P (2.32)
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2. Theoretical Background

The molecular partition functions are key to calculating tieaction rate constants
based on the above assumption and it was Eyring [34] who firstdlated a relation
for the bimolecular reaction rate constant

Z¥ kpT —E?
=z i (o)

pr— 2-
N Zs h kT (2:33)

wherex is the transmission coefficient, adef the difference in energy between the
initial substances and the activated state at the absatute He also commented on
the resemblance to Arrhenius’ equation introduced in eergthenomenological fash-
ion already in 1889 [35]. Since the transition complexeskax@vn only for a number
of relatively simple reactions, kinetic mechanisms sélyrto a large extent on experi-
mentally determined expressions for the rate constantghbte is a growing number
of reactions that have also been evaluated on the basisaitican state theory. How-
ever, literature mechanisms are commonly provided in terfittse modified Arrhenius
equation

—F
k=AT? - 2.34
exo () (234)
where the pre-exponential factat, the temperature exponeftand the activation
energyF, 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 equatioa foonserved quantity. Let's
consider an identifiable material element of fixed mass andl lee a conserved prop-
erty of it, then the corresponding intensive quantitis defined by

@:/(pdm:/ ppdV (2.35)
1

wherep is the material’'s density. The material charfi@g® /Dt has to equal all sources
and sinks which we will denote h¥s. Reynolds’ transport theorem [36, Art. 14; 37]
states that the material change of a (tensor) propentyay be expressed in terms of
the temporal change df within the occupied volume and the net flux®through the
volume’s boundaryV’

Do dpp
— Vv . 2.36
i / : d —I—/a ppus -ngdS ( )

whereug is generally the velocity of the boundary surfa¥ but since we are con-
sidering a material element it is equal to the material'®ey u at the boundaryn g
is the outward-directed normal vector of the surface eléni®n By applying Gauss’
divergence theorem

/ V.- fdv = f-ngdS (2.37)

v ov

to the last term of equatiof (2136), it can be translated inglesvolume integral
D® Opp
= _ 7 . . 2.
i /V( ot +Vv cppu) dv. (2.38)



2.3. Conservation Equations

The most simple interpretation of the above result is theioaoity equation arising
from the conservation of mass. The conserved quantity isrthesm and therefore
= 1. Since there are no mass source terfis € 0) Dm/Dt = 0 and we obtain

/ <8'D+V-pu> dv = 0. (2.39)
v \ ot

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

gr Cpu=0. 2.40
8t+v pu=0 ( )

Generally, the source terifis can be broken up in two parts, one representing
volumetric sourcesj;’l, the other corresponding to surface sours::g‘%f,

Se = / syt dV + / s ongdS (2.41)
\4 ov

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

%)

LV upp =TV + s, (2.42)
can be formulated, wheié is the general diffusion coefficient. In a reacting fluid the
conserved quantities are mass momentummu, energyF, and the mass of each
speciesn,. Table2.2 lists thé + N conservation equations. Including a constitutive
equation such as the ideal gas law, theresareV equations to solve for all unknowns.

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

dpp

V-
ot + prpu
0 0
Zpaff + wl +upVeo+ oV - up

ot
dp
=pp TuPVe+o (

_ 9¢
—P(E +uVyp).

o (2.43)

at-l-v-up)
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2. Theoretical Background

Conserved Conservation equation Unknowns Number
guantity of equations
m %+ (V-u)p=0 p 1
mu dg% +(V-u)pu = uV3u — Vp u,p 3
E 90esT 4 (V- u)pe,T = AV?T +s, T 1
m; OY 4 (V- u)pY; = —pD;V?Yi+s; Yi,..¥y N
ideal gas law p = pRT 1

Table 2.2: Conservation equations and constitutive equation for etirggfluid. The
conserved quantities are magsmomentumnu, energyE, and species’ mass;, i =
1,..., N. Note that the additional constraiEfv Y; = 1 can be used to cut down the

number of species conservation equationd’te- 1 by statingYy =1 — va’l Y;.

In many cases itis convenient to reduce the order of therdiftéal equations which
greatly simplifies the solution. By writing the equationsaimon-dimensional fashion
it is possible to obtain dimensionless numbers which complae magnitude of the
diffusive term to the convective term. For the three coretion equations for momen-
tum, energy and species’ mass the respective dimensiankesisers are the Reynolds
number

L
Re =22 (2.44)
o
the Péclet number for heat transport
L
Pep = “pip , (2.45)
and the Péclet number for mass transport for each species
ulL
Pe,, = —. 2.46
em: = ], (2.46)

Here L is the characteristic length scaje the dynamic viscosityg, the heat capac-
ity at constant pressure, the thermal conductivity, an@d; the diffusion coefficient
of species. In case the diffusive term is much smaller than the corvedgrm, i.e.
the dimensionless numbers are much larger than unity, gisissible to neglect the
second order derivative and the differential equation bexfirst order. Yet another
important simplification are the boundary layer equatimspired by the Prandtl’s ob-
servation that high Reynolds number flows can be divided twtiodomains, one of
which is the outer flow which is considered inviscid, and tlieeo is the thin layer
close to the wall where viscous effects are pronounced aswbsity can not be ne-
glected, that is the boundary layer|[38]. In the boundargtdkie above simplification
applies only with respect to certain directions. Notalitis thanges the characteristic
of the partial differential equations from elliptic to pardic, which has substantial im-
plications for numerical solution. In respect to chemiga#tacting flows in a tubular
reactor, which is of interest in this thesis, this has beeplémented in the software
package CHEMKIN as the Cylindrical Shear-Flow Reactor (Rpmodel [39].
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2.4. Homogeneous-Heterogeneous Reactor Dynamics

2.3.2 Numerical Solution

Computational fluid dynamics (CFD) is concerned with the atioal solution of the

conservation equations. Here | would like to give a concisriew of the procedure.
In order to solve the conservation equations numericalty theed to be discretized.
For sake of simplicity let’s look at the general conservagguation in Cartesian coor-

dinates and one dimension 5 5 52
9 00 _TO0w
ot oxr  p 02
One way to achieve gemporaldiscretization at a fixed point in space is the Euler
forward method

(2.47)

84,0 SOH»I _ (PZ
de _ ¢ 2.48
ot At (2.48)
= o = ol + At %f (2.49)
- - I d%p Op
= o A (L — Tt 2.50
® o'+ (p e &U) (2.50)

where the subscriptrepresents the time step. A solution is obtained throughtitan
until a steady state solutiaip /9t — 0 is achieved, i.e. the residual vanisheg! —
' — 0. The aim ofspatial discretization is to express the spatial derivatives oz
andd?p/0z? as functions of the adjacent nodes, ¢,+1, Ps+2, ..., €.9g. one could
apply the so-called first-order upwind approximation:

0p| _ Pu— Pa1 1
9.~ As +0(Azh). (2.51)

Applied to equation[{2.30) and neglecting the diffusiomtewe obtain an arithmetic
expression for the next time-stép- 1

Ot = ! 4 Atu Po~ Po1 (2.52)
Az
. Atu, )
=@ + — (!, — ¢’ 2.53

where the Courant-Friedrich-Lewy (CFL) number is define@Bk = At u/Ax, which
is a critical parameter for the stability of computationaidldynamics (CFD) simula-
tions. Now, using equation (2.b3) it is possible to iteraltivfind a solution ofp given
an initial guess of? and the required boundary conditions. The above considagat
should suffice to conceive the algorithm involved in CFD dmtions; however, it has
to be pointed out that the discussion only provides a quiiticture, whereas the
true numerical solution in commercial CFD softwares is monde involved|[40].

2.4 Homogeneous-Heterogeneous Reactor Dynamics

In catalytic systems, heterogeneous and homogeneougreastay be strongly cou-
pled through heat and mass transfer, or by exchange ofveastermediates and rad-
ical species. The catalyst surface may provide sufficieat teethe boundary layer to
ignite gas phase reactions, transfer limiting reactaots faind to the boundary layer, or
act as a source or sink of radicals. It is important to distisky between two regimes:
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Reactor wall maintained
at cooling temperature T,

Figure 2.1: Homogeneous-heterogeneous reactor model.

catalytic reactions on the surfacam the one hand, archtalytically stabilized reactions
in the gas phasen the other hand. In the former, reactions and heat release pri-
marily on the catalyst surface, while in the latter case hgeneous and heterogeneous
reactions play an important role.

In order to illustrate the dynamics, it is sufficient to irdtwe a simple reactor
model (inspired byl [41, 42]) consisting of a gas-phase flod amooled catalyst sur-
face (Figurd Z]1). Steady-state energy balance equatiorikd catalyst surface with
temperaturd’; and the gas-phase with temperatiirenay be written as

surface energy balance: 0= Q™' —a A (T, —T) — K (T, — Tp) (2.54)
gas phase energy balance: 0 = Q™" + a A (T, — T) — Vnc,AT (2.55)

where Q™! is the heat release by chemical reaction on the surface atiteigas
phase respectively (in W)y the convective heat transfer coefficient between the two
phases (in W /(K)), A the catalyst surface area (irfinK the cooling heat transfer
coefficient (in W / K) with cooling temperatutg, , V the volumetric flow rate (in rh/

s),n the number density (in mol / #), ¢, the heat capacity (in J/ (mol K)), anNT" :=

T, —T) the temperature increase in the gas phase (in K). In bothiegsahe first term
represents the reaction heat generation, the second isdghexchange between the two
phases, and the last term the heat removal by cooling aneéctom, respectively. It is
permissible to make a simplified Arrhenius ansatz for the exjpression of the form
kesy(T(s)) o< exp(—Eigii/RT(s)) for both phases. Hence, the chemical heat release
on the surface and in the gas-phase are, respectiveé'gf;“l‘ét = Ak(Ts)A,Qs and
Qreact = Vnk(T)A,.H. Here,A andV are the catalyst surface area and the gas-
phase volume, respectivelsy,.Q, is the reaction heat release per area on the surface
(in J/m?), andA, H the reaction enthalpy per mole in the gas phase (in J / mol).

0= Aks(Tb) A7Qs —aA (Ts - T) -K (Ts - TO) (256)
0=Vnk(T)AH+aA(Ty, —T) —Vnec, AT. (2.57)
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Figure 2.2: Reactor stability diagram, showing the reaction heat sgled heat re-

moval rate (red and blue curves, respectively) as a functidhe surface temperature

Ts. The reaction heat release is plotted as a generic invergeetature exponential of

the formexp(—a/T5), while the heat removal rates correspond a set of genegarin
functionsb T + c. (adapted from [41])

In the catalytic reaction regime the role of the catalyst is to provide alternative
reaction pathways. Catalyst activation energigs, are usually smaller than in the
homogeneous phasg,.. > EZ., implying smaller catalyst ignition temperatures
Ty, < Tign compared to the gas phase. Evidently, reactions on theysttalrface
are limited by the rate at which reactants are transportatigcsurface or at which
products can be transported away. Assuming a gas tempeffatarli,,, i.e. too low

to ignite gas phase reactions, one finds the the solution:
Aky(T) A Qs = K (Ts — Ty) + Ve, AT. (2.58)

The solution is a function of the catalyst temperatilfeonly and can be represented
in a reactor stability diagram, in which the left- and rigtand side of the equation are
plotted (Figuré Z]2). Operation is stable if the heat geteerhy reaction (left-hand side
equation) is removed by cooling and convection (right-hsidé equation). Intersec-
tions of the two graphs correspond to steady state conditiefierred to as kinetically
controlled at low temperatures (left graph) and mass teansgdntrolled operation at
high temperatures if catalyst reactions are ignited (rgghph). For the middle graph
the reactor would operate in an unstable condition sinceetl®enot a singular sta-
ble operation point which leads to instationary behaviat ascillation of the reactor
temperature. Naturally, the reaction rate has also be tat@ebby a rate limiting mass
transfer term, but despite the fact that mass transfer hdseea included in this simple
model, it shows general operation conditions. In this cds=gas phase temperature
T =T, —Vne, AT/(a A) is generally smaller than the catalyst temperature.

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

Aky(T) AvQs + Vi k(T)AH = K (Ts — Tp) + Ve, AT (2.59)
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which is no longer a function df; alone and cannot be plotted in a simple way. This al-
ready indicates that operation in this regime may be mofiedifto describe, let alone
mass transfer limitations which have not been accountetidog. As a consequence,
in high temperature catalysis it is difficult to disentantile coupled homogeneous-
heterogeneous reactions.

Homogeneous-heterogeneous reactor dynamics have bekedséxperimentally
and analytically by references [41, 43| 44]. For instancexiperiments by [43, 44], a
stationary stagnation flow (which can conveniently be dbedrby means of a stream
function depending on one spatial coordinate only) impiggn a platinum plate was
studied. The catalyst plate was resistively heated andutti@ce temperature was mon-
itored as a function of heating power for different fuelaioratios (Figuré 2]3 (a)). At
low heating power, surface temperature increases esghitiaarly with power while
the surface is basically cooled convectively by the flow. Ateatain power the sur-
face temperature increases rapidly due to heat releaseollyegric surface reactions,
leading to a nonlinear increase (curves C and D). In thisoregi transition from a
kinetically limited reaction to a mass transfer limitedetan occurs. Under appropri-
ate conditions the state is a self-sustaining autothertatd svhich leads to hysteresis
effects when heating power is withdrawn. A further increagentually leads to ho-
mogeneous ignition. It is important to note that ignitiortirction, and autothermal
characteristics are observable only under considerafiboth, homogeneous and het-
erogeneous reactions.
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% Fuel ——>

Figure 2.3: Schematic representation of one-parameter (power) aneparameter
(power and feed composition) bifurcation diagrams. Eacdlvewf (a) is obtained
by varying power with all remaining parameters fixed. A fanof curves, of which
four are shown, is generated by varying feed compositiore Jurface temperature
at the bifurcation and autothermal points for each onepatar curve is plotted as a
function of feed composition to produce the two-parameifeirtation diagram of (b).
(reprinted from|[44] R.J. Olsen, W.R. Williams, X. Song, L.8chmidt, and R. Aris.
Dynamics of homogeneous-heterogeneous reactors. CHdamgaeering Science,
47(9-11):2505 - 2510, 1992. Twelfth International Sympasion 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 thertnomarposes as well as
for the detection of transient reaction intermediates, elgf®H and CHO.

3.1.1 Raman Scattering

Raman scattering is an inelastic scattering process inhwthie dipole radiation in-
duced by the incident electromagnetic field is modulatechbyniolecular motion. The
process is accompanied by a transfer of energy between tleeut®and the incident
photon, and the wavelength of the scattered Raman signiifisgby the vibrational
or rotational energy with respect to the excitation wavgthr{Tabld 3.1 shows Raman
shifts and scattering cross-sections for selected speciEse red-shifted bands are
called Stokes, while the blue-shifted band are named Aolkes. An example for the
vibrational Stokes Raman spectrum of molecular nitrogeaniient air is shown in
Figure[3.1.

Despite the\=* dependence of the scattering intensity (cf. equalion Jj? the
frequency doubled Nd:YAG line at 532 nm has been identifiededhe most suit-
able common laser wavelength for Raman scattering [45]. sRorter wavelength
the signal-to-background ratio in fuel-rich flames is spabiby the strong fluorescence
mainly from polycyclic aromatic hydrocarbons. Figlrel3tbws Anti-Stokes and
Stokes Raman spectra of, ih a stoichiometric methane-air flame. In the top spec-
tra, considerable amounts of chemiluminescence and iladeced emission spoil the
spectrum. In order to compensate for the strong backgroigmals it is possible to
take advantage of the polarization properties of the Rarnggmak In one instance the
laser polarization has been set perpendicular to the daneaptical axis (L), in the
other case it was adjusted to be parall@l. (In the parallel case the induced dipole
oscillation is parallel to the optical axis and since a dgp@diation in that direction
vanishes (cf. equatiof (2111)) there is no Raman signalewhée background signal
remains. In fact, the signal does not vanish absolutely usrtéhe mean polariza-
tion tensor may have off-diagonal elements, however theldepation ratio for small
molecules is usually very small (cf. Sectlon 2]11.3 and [29he difference spectra are
shown in the bottom graphs of Figure3.1. A clear vibratisspectrum could thus be
recorded.
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3.1. Laser Spectroscopic Methods

Species Raman shift Raman cross-section Rayleigh crotistse

(cm™1) (cm?/sr x 10730) (cm?/sr x 10-2%)
Ho 4156 1.10 1.32
H,O 3652 0.98 4.4
CoHy 3020 1.9
1623 0.76
CH. 3017 1.7 13.4
2917 2.65
CH3;OH 2955 2.75 20.3
CsHg 2890 1.80 79.0
No 2331 0.37 6.1
CcoO 2143 0.34 7.8
(@) 1555 0.42 5.0
CO; 1388 0.46 14.0
1286 0.30
CoHs 993 0.6

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

There are two ways to extract information about the vibretiagemperature from
the Raman spectra [46,/47]. First, it is possible to comgaéritensities of the Anti-
Stokes and Stokes band. This is because the Anti-Stokesabiaed only from elevated
states, while the Stokes band is dominated by the groune gtatulation. It can be
seen in the Figure that the total intensity of the Anti-Stokand is smaller than the
Stokes counterpart. The problem is that this techniqueiresja calibration constant
since the efficiency of the detection system may not be idehfior both wavelengths.
However, in fact the same information about the vibratigraulation distribution is
also contained in either one spectrum. Due to anharmoniuityipper vibrational Q-
branches are blue-shifted and one perceives th€,12—1 and even the-32 bands
in the spectrum. In Chaptéf 4 this has been used to measutentiperature profile
in a stoichiometric methane-air flame. By using Boltzmamtigribution law [2.28),
the vibrational temperature is calculated from the vilorzai band intensity, (i.e. the
sum of all rotational lines within a + 1 — v band) [48]:

(v+1) E(v)
I — A
vtl—v X >\4R Zvib exp k'B T (3 )

v being the vibrational quantum numbeag, the Raman wavelengtlx,,;;, 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 measants has been developed
by the group. In the current experimental setup gas phaspasition and temperature
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Figure 3.1: Vibrational Raman spectrum of;Nn ambient air, showing the dominant
Q-branch AJ = 0). The bottom plot shows the same spectrum on a differeningcal
in order to bring out the rotational O- and S-branchAs/ (= +2), where the line
separation corresponds to four times the rotational cahstaThe intensity alternation
of the branches is due to nuclear spin statistics [49]. Tliitiadal line appearing at
2295 cnT! belongs to the 2:1 hot band. The broad feature at 2440¢nf611 nm) is
presumably attributed to an Et transition of the laboratory lighting.
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Figure 3.2: Vibrational Anti-Stokes and Stokes Raman spectrum of iN a
methane/air flame. The top spectra show the polarizg@fd depolarized|) spectra,

the diffe

rence spectra of which are shown in the bottom graphe 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 ratesponta-

neous emission ard = 1/7,q ~ 10% s71, collisional quenching) ~ 10° s~! in

flames at atmospheric pressurel [51], predissociaflory 100 s~! for o' = 3 [52]
(Figure adapted from [53]).

are measured by means of a quartz capillary that can be sevatong the reactor axis.
The capillary houses a thermocouple for the temperatursunement and at the same
time allows for extraction of reaction gases through théllzap. The gases are then
analyzed using standard diagnostic methods, such as gasatagraphy (GC) and
mass spectrometry (MS). Unlike stable reaction speciegaks are short-lived (such
as OH) and do not survive the sampling process. Other sp@aqgaone to dissolve in
water which in turn condenses in the tubing (such as@)br the vapor pressure of
the species itself may be too low to guide the gases samphe tiagnostics.

Laser-induced fluorescence (LIF) spectroscopy is a comyvapglied non-intrusive
and sensitive spectroscopic tool for detection of minocEse It is a resonant, inco-
hererff method which works as follows: a laser pulse creates anrel@ctexcitation
of one of the vibrational-rotational energy levels; thigigtion is followed by the
emission of fluorescence photons at a unique wavelengtighwdrie then detected.
As a first-order estimate the number density in the detectiduime is assumed to be
proportional to the fluorescence signal. The process istitited in Figuré 313, also
showing the non-radiative de-excitation channels, namalsional quenching) and
predissociatior.

A quantitative expression for the number of detected flumese photonsV,,
which helps to understand the factors influencing the LIFEgss is:

Bio I, T
Nyp = =222 nV fu(T) Ag 7o (Q/4m) 7 (3.2)
C S— N——

whereB is the Einstein coefficient of absorption (ir*rhiz ! s~1), I,, the spectral
irradiance of the laser (in W / fniHz),  the pulse length (in s); the speed of light;

1In this context, incoherent refers to the uniform radiatiomll directions, in contrast to coherent non-
linear optical technigues, such as Coherent Anti-Stokead®aSpectroscopy (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 gbstate (1 / m), V the
detection volume (in i), fg(T) the temperature-dependent Boltzmann fraction i.e.
the portion of molecules in the vibrational-rotationaldelieing excitedAs; = 1/7vaq
Einstein coefficient for spontaneous emission (in 1/ s) &rdcbrresponding radiative
lifetime 7.4, 7o the effective lifetime of the laser excited state (in3)xhe collection
solid angle, and the instrumental detection efficiency.

The expression constitutes three parts correspondingetexbitation-absorption
process, the fluorescence emission, and the detectiomsstieiency, respectively.
The spectral energy density ig = I, /c so that the first part of the right hand side
equationB I, /c T stands for the excitation probability of an individual mumlée in
the radiation field. Hence, the whole express®d, 7/cnV fg(T) represents the
molecule-specific excitation-absorption charactesséind thus the actual number of
molecules being excited, in which the Boltzmann fractioa fenction of temperature
T. Generally, it is possible to determine a vibrational-tiotaal ground state which is
to a large extent insensitive to temperature variatiors, i1/ (7') ~ const. for the
relevant temperature regime. The terhr.q, often referred to as the quantum yield
®, is a measure for the amount of fluorescence photons emittethplecule excited
and accounts for non-radiative decay of the excited sté#tegreby predissociation or
collision-induced intra- and intermolecular energy tfanslt is desirable to find an
excitation scheme which is little sensitive to non-radi&tijuenching, or a means for
compensation of its effect. The quantum yidldnay be in a first-order attempt written
as (with respect to Figute 3.3)

A
(I)—ATeH—A+Q+P (3.3)
where P denotes the predissociation rate @ndhe collisional quenching rate, the lat-
ter being a function of pressure and composition in pasmicurhe last tern$2/4x) n
corresponds to the efficiency of the detection system arargely dependent on ex-
perimental conditions.

Hydroxyl Radical Laser-Induced Fluorescence

From a molecular point of view OH is a diatom characterizedahyunpaired elec-
tron, while from a kinetic perspective it is an aggressivaction intermediate; how-
ever, from the thermodynamic perspective it is an equililorproduct of considerable
amount at typical combustion conditions (Figure 3.4). ttdraes evident why OH LIF
in combustion environments can be accomplished with veahse, whereas detec-
tion of OH at fuel-rich conditions becomes challenging doeltastically decreased
concentrations.

OH probing is commonly done via the?& «+ X2II band, i.e. the ground and
first excited electronic stae.Brockhinke and co-workers$ [61] have measured time-
resolved fluorescence spectra, which nicely illustrateptanal and spectral evolution
of the fluorescence due to vibrational and rotational en&maysfer (VET and RET)
within the OH molecule after excitation of a single state. V&nhd RET is the energy
redistribution among vibrational and rotational levelghie same electronic state fol-
lowing excitation. In simple terms collisional quenchirande thought to decrease the

2Conventionally, for excitation as well as fluorescenceditions, the electronically excited vibrational
state is mentioned first, i.e. the 3-0 transition refers toARE +’ = 3 and XTI v”/ = 0 system. The
excited fluorescence stateB is marked by one apostrophe while the initial levéIXis labeled by two
apostrophes.
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Figure 3.4: Equilibrium OH mole fraction and temperature as a functidéCbl4/O,
ratio (bottom axis) and equivalence ratigtop axis) in 80 % Ar.

overall fluorescence intensity due to non-radiative ddtation (as represented by the
guantum yield equatiof (3.3)), and furthermore there asodependence on chemical
composition and temperature of the collisional bath anchevith respect to the ex-
cited rotational states [64]. Multiple LIF excitation andtdction schemes have been
reported which are more or less sensitive to collisionahgheg, and yield stronger
or weaker signals depending on the vibrational-rotatictete used for excitation and
detection. Reference [55] compared some of them in respesighal strength and
guenching sensitivity for the OH radical. Though excitatend detection of the O-
0 band is most efficient this scheme is disregarded here iecBuorescence signal
cannot be decoupled from elastic scattering effects. Ornipkarity in OH is the exis-
tence of a predissociative vibrational stat€ & 3) which exhibits a short dissociation
lifetime compared to the lifetime at atmospheric pressiieerefore the 3-0 scheme
is convenient since its dependence on quenching is driygtieduced. However, the
disadvantage is a significantly lower quantum yield. Eximtaof the 1-0 band is the
most suitable excitation scheme for our purposes, with aitagion wavelength around
281 nm and detection in the 1-0 and 0-0 bands around 310 nn¥ludrescence yield
is reasonable and the red-shifted detection allows efedicoupling from any elasti-
cally scattered radiation.

3.1.3 Resonance-Enhanced Multi-Photon lonization (REMPI)

Resonance-Enhanced Multi-Photon lonization (REMPI)dadvantage of intermedi-
ate energy levels to selectively ionize the molecule ofregke Selectivity is achieved
due to the resonant excitation of the intermediate energl,l®llowing ionization by
absorption of an additional photon. Depending on the nurabphotons need for the
resonantV,. and the ionization transitioV; the REMPI process is labeled, + N;.
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REMPI transition Excitation wavelength
OH 2+1D%Y~ — X?II; 2x243-247nm
NO 1+142%+ — X2II; 270-317 nm
242 A2Y+ — X211, 2x452nm
CO 2+1B'»t —Xx'yt 2x230nm
2+1C1yt — XIyvt+  2x217.5nm
CH; 2+13p2A) — X2A4 2x333.5nm
2+14p2AY — X2AY  2x286.3nm

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

REMPI enables the detection of absorbed laser photons bytaniog the ions which
can be collected very efficient, and therefore this ion@ratipectroscopy method rep-
resents a very sensitive detection method [56]. The ionshmagollected e.g. directly
by means of a high-voltage electrodel|[67, 58], in a mass spaeter [59, 60, 61], or
by monitoring the microwave signal scattered by the freegialoud [62| 63]. An
advantage of REMPI in combination with mass spectrometityasit yields fragment-
free mass spectra. TaljleB.2 lists examples of REMPI tiansifor small molecules
encountered in combustion studies.

3.2 In Situ Laser Diagnostics using Optical Fibers

Laser-spectroscopic methods, such as laser-inducedsteree (LIF), allow detection

of transient species, at the expense of providing opticassto the system. However,
this is not always possible in practical systems. On thisactfiber-optic probes have
been developed in order to establish minimal-invasivecapticcess to the system.

3.2.1 Optical Fiber Probes

Throughout the thesis different fiber probes were develapatitested. Figurge 3.5
shows three different fiber geometries that were most priamfsr laser-induced mea-
surements in the gas-phase. The first fiber probe (a) comsiatsingle fiber through
which the excitation light is delivered as well as fluoresieis collected. The ben-
efit of this geometry is a maximum collection efficiency. Heee the disadvantage
is that the excitation laser induces scattering while pasgirough the fiber which
consequently reduces the signal-to-background ratics fiter probe was used in the
experiments presented in Chapters 4 [@nd 5. The second pssbmbly (b) consists
of an individual excitation fiber surrounded by a light-gaigl capillary for collection
of the fluorescence. Since the delivery and detection chsmane decoupled the scat-
tering background is minimized and the signal-to-backgdbratio is maximum. One
disadvantage, similarly to the single fiber, is the poorigpegsolution due to the elon-
gated collection volume. This probe was employed in the exmmts described in
ChaptefB. The third geometry (c) constitutes a side-firkuitation fiber polished at a
45° angle [65]. The 45interface gives rise to total internal reflection so thatliplet
exits at right angles to the fiber axis. At the expense of alstadlection efficiency
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Figure 3.5: Fiber probe geometries. The dark shade represents thoze thad are
illuminated by the laser excitation and from which fluoreseeis is captured, i.e. the
effective collection volume.

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

3.2.2 Raman Thermometry through an Optical Fiber

In an analogous manner to the Raman thermometry methodnpeesabove (Section
[3:13) and applied in Chapiér 4, it was attempted to measorational Raman spectra
through an optical fiber. Due to the small Raman scatteringsssections the sin-
gle fiber probe (a) was used since it has the highest colleetfficiency. The probe
molecule needs to feature a Raman shift which is large ensaitiat the signal can be
spectrally separated from the fused silica Raman backgrddnRaman thermometry
should generally be possible but the fiber-coupler wouldinede flushed with a gas
other than nitrogen, otherwise the ambient air Raman sifjoal the coupling-side
is indistinguishable from the Raman signal originatingrirthe other end of the fiber.
Apart from this complication, our experiments were gergi@nducted in the absence
of nitrogen and therefore ;\thermometry was discarded. In principle, methane con-
stitutes an ideal marker molecule for thermometry in fueh-feeds since it is present
before as well as after the reaction in relatively larger ami®. Raman spectra of the
2917 cnt! band were recorded, but unfortunately the temperatursitgsty of that
Raman band is relatively weak and interpretation is notghttorward [66] 67].

3.3 Capillary Sampling
Sampling of the reacting gas mixture is accomplished by meéa fused silica cap-

illary that is traversable along the reactor axis and thisnal continuous sampling
of the reacting gas. When probing a reacting gas mixture osed@nsure rapid

44



3.3. Capillary Sampling

guenching of the chemical reaction in order to achieve amageld and representative
measurement at the probing position. This may be assurétthérehe sampling time
is short compared to changes in chemical composition, omalf guenching by heat
or radical removal inhibits reaction progress. In the gaase OCM experiments, the
reaction timescale is usually on the order of 0.1 s while seng@ccurs on a slightly
shorter timescale. As far as wall quenching is concerned [B&f quotes experiments
on the quenching process of methane/oxygen flames betweetz gualls heated up to
1000 K and report a quenching wall distance on the orderDbinm. Since the wall
distance in the present experiment is significantly sméiei5 ym) it can be assumed
that due to quenching of the reaction on the capillary wakts py radical recombina-
tion) and the relatively rapid transfer process the unhbiasenposition of the reaction
gas is analyzed. One may ask whether the radical recomtintdi stable products
changes the overall mixture composition. However, eveoiiicentrations of these un-
stable species were several orders of magnitude greatethba equilibrium values
at 1000 K, stable product concentrations would not be chisgmificantly 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 detectitwyaroxyl radicals (OH)
by laser-induced fluorescence in high-temperature gasepteactions. This is accom-
plished by means of a bidirectional optical fiber probe, \Wwhie of interest for ap-
plications where optical access is limited. An optical pethat allows simultaneous
excitation and detection of fluorescence using one and tine $her has been devel-
oped. Complications resulting from coupling as well asnasduced scattering are
addressed, and different fibers are compared with regaroréormaterial composition
and geometric collection efficiency. On this basis, a stétéiber is identified, and OH
detection and profile measurements are demonstrated im@xaa laminar flame as
reference experiment.

4.1 Introduction

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

This chapter is adapted from a research article by Heinew&ah Robert Schlogl, Raimund Horn.
Radical detection in harsh environments by means of lasecedifluorescence using a single bidirectional
optical fiber. Applied Physics B, 109(1): 19-26, 2012. D@):1007/s00340-012-5172-9. The final publica-
tion is available at http://link.springer.com/article/1007/s00340-012-5172-9.
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4. Radical Detection in Harsh Environments

be accomplished by laser-spectroscopic methods such &g Bag-down absorption
spectroscopy (CRDS) or resonance-enhanced multiphotoraiion (REMPI) [64].
A shortcoming of these techniques is the requirement tleatrtbasurement has to be
performed in an optical cavity in the case of CRDS [70], oritiertion of an ioniza-
tion probe [[5F] or a molecular beam nozzlel[61] into the riegactnedium in REMPI
measurements.

Laser-Induced Fluorescence (LIF) is a spectroscopic ndetiat features high sen-
sitivity and potential for in-situ quantification [25,/71h LIF the laser wavelength is
tuned to a species-specific rovibronic transition of theratr molecule of interest,
which is elevated to an excited electronic state and migliter &aving undergone
collision-induced intra- or intermolecular energy trargbrocesses - eventually emit
a fluorescence photon. The fluorescence signal may be coedigeoportional to the
species’ number density if quenching or predissociatiéeces are accounted for.

In many applications the use of LIF is hindered by the nete$sr optical ac-
cess to the system. The common detection arrangement itetEsat least two op-
tical ports, which cannot always be provided. As repredeet@xamples one might
imagine a reactor the walls of which consist of catalyticalttive (intransparent) ma-
terial, a reaction chamber encapsulated by a furnace, brgnggssure internal combus-
tion engines. An alternative to direct optical access is ptical fiber which can be
used for minimally-invasive in-situ detection even undardh conditions. An example
for recent experiments is a LIF sensor integrated in a splaudg ip order to monitor
the mixing process prior to ignition in an internal combastengine via tracer LIF
[72]. Though the excitation and fluorescence light are sgphrguided through op-
tical fibers, eventually, optical access is again providgdnniature viewports in the
sensor head, and the authors outline the optimization afphieal design with respect
to collection efficiency.

In contrast the present approach regards the optical fibarpmebe itself. Since
common fused silica fibers are chemically inert and show teghperature resistivity,
they may be regarded as truly minimally-invasive probes@ardbe inserted directly
into harsh reactive environments. There have been repottsecdesign and optimiza-
tion of fiber-optic probes for (Raman-) measurements cosimayiseparate fibers for
delivering the excitation laser and collecting the scatlaadiation|[73]. It is pointed
out that a single fiber “bidirectional probe design shoulchlghly efficient since the
excitation and collection light cones overlap completdiyt the option is dismissed
due to the amalgamation of the exciting and collected remfiatThis aggravation is
certainly a major concern when Raman scattering is beinggataince the signal is
inherently weak, and spectral decomposition of fiber-ikduBaman scattering and
desired Raman signal may not be possible. In contrast, Buenee transitions may
readily be found which are red-shifted beyond the vibratid®aman signature of the
light-guiding material (i.e> 1000 cnt!) enabling spectral decoupling.

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

In what follows we describe LIF detection using an opticaéfiprobe in a bidi-
rectional manner and demonstrate LIF hydroxyl radical (@efection in a reference
experiment. Section 4.2.1 outlines experimental detdith® reference experiment,
i.e. the premixed laminar flame, where quantitative OH cotre¢gion have been de-
termined using a combination of conventional OH LIF and ailanal Raman scatter-
ing. Sectio 4.2]2 describes the optical setup for simattas coupling and detection
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of laser-induced fluorescence, and discusses complisagiosing from laser-induced
scattering of high-energy laser pulses through opticatdib®ection 43 focuses on the
numerical determination of the collection efficiency ane ¢ffective detection volume
of bidirectional fiber probes based on simple geometricidanations. Results are dis-
cussed in Sectidn 4.4, and first successful fiber probe OHi&téction is demonstrated
in the premixed laminar flame, which shows good agreemehttivé conventional de-
tection scheme.

4.2 Experimental

4.2.1 Characterization of Laminar Premixed Flame

A laminar premixed stoichiometric methane-air flame wasltisgenerate OH radicals
and served as a reference experiment. The atmosphericyaeffame was anchored
at the outlet of a 6 mm tube, which could be shifted verticadliative to the optic
axis. Axial reference profiles of OH concentration and terapge along the burner’s
symmetry axis in the exhaust fume region were measured bypsradd IF and vibra-
tional Raman scattering using a conventional lens-typieagetup. Thermodynamic
equilibrium considerations allow for quantification of Obnzentrations based on the
local temperature in the post-reaction zone.

OH-LIF  The hydroxyl radical features electronic transitions ie thtraviolet spec-
tral region and has thus been excited using a frequencyleldudye laser (Sirah,
Cobra-Strech), which is pumped by the second harmonic ofsavifthed Nd:YAG
laser (Spectra-Physics, Quanta-Ray). Typical dye-lasksep are characterized by a
pulse length of-8 ns, a pulse energy e6f1 mJ, and a nhominal fundamental linewidth
of 0.06 cnT!. The system was tuned to the OH (@) transition of the &Y - X211
(1-0) band at 283.553 nm (air) which shows only a weak tentperalependence with
respect to the Boltzmann fractigfg (') for the expected temperature range [74]. Off-
resonant detection of the 1-1 and 0-0 bands at 306-325 nmsadipectral separation of
elastically scattered light of the excitation laser. Intiierence experiment setup (Fig-
ure[4.1 top) the LIF laser is reflected by a longpass dichraicom(DM) and focused
by a 15 mm lens (L, f-numbef, = 1.5) into the flame detection volume (DV). The
fluorescence is collected by the same lens in a collinear eraand after having passed
the dichroic mirror, it is focused onto a fiber bundle coupled grating spectrometer
(SP). The dispersed light is captured on a conventional C@Bowt possibility for
fast gating (hence the minimal exposure is set by the readoat 16 ms). Typically
1000 individual shots were recorded. The chemiluminess@ocrected (due to the
long exposure) LIF intensity may be assumed to be a measuttesf®@H number den-
sity. The resulting OH concentration profile above the flaammeaction cone is shown
in Figure[4.2 (blue markers). Quantification is obtaineddmpperature 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 coteel#o the local temper-
ature by assuming thermodynamic equilibrium, an assumpadid in the product-gas
plume behind the luminescent reaction zone of the flame. derato calculate the
equilibrium composition the local temperature was measbsemeans of vibrational
Raman scattering. Lapp et &l. [76) 46] suggest several metitodeduce temperature
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from vibrational Raman signatures of nitrogen in air-fednfés. The same detection
setup as described in the previous paragraph (and showmyimgEL1 top) was thus
employed, but a continues-wave Nd:YY@ser (Coherent Verdi V10, 532 nm) was
used providing a 7 W beam at right-angles to the collectioticepand N spectra
were recorded for exposure times of 30 seconds. Using antamts-wave source un-
der steady-state conditions permits high laser powers tesed without risk of induc-
ing optical breakdown or the need for pulse stretching. Tdlarfzation plane could
be rotated using &/2-plate which allows for polarization-separated measuremas
proposed by Gruenefeld [77]. Raman scattering occurs praddely perpendicular
to the laser’s polarization direction. If the laser-patation is tuned to be parallel to
the detection optical axis no Raman signal is captured wimfmlarized fluorescence
and chemiluminescence is seen (Fiduré 4.3 top). The difterspectrum yields the
pure Raman signal (Figute 4.3 bottom). The vibrational Ratemperature was then
determined by comparing the area of the-10 band to the 2— 1 band and using
Boltzmann statistics. The integral Raman vibrational batehsity 7, (i.e. the sum of
all rotational lines within a + 1 «+ v band) is|[48]:

Iv+1<—v o8 )(\il;—giz) exp <_£CB(1?Z)1) (41)

v being the vibrational quantum numbgg the Raman wavelengtf), 1, the partition
function, andFE(v) the molecular energy term.

The resulting temperature profile is also depicted in Figlife(red markers) to-
gether with the OH concentration. The experimentally deieed temperature maxi-
mum of~2200 K agrees well with the expected adiabatic flame temperaio obtain
local OH concentrations for calibration thermodynamiciligium calculation were
performed with CHEMKIN [78] based on the standard thermedyit 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 [&#é )radiation cou-
pling, transmission attenuation and inelastic scattevintpe fiber material need to be
taken into consideration.

The bottom part of Figuile 4.1 shows the optical setup addptdsidirectional fiber
coupling and detection, which is a modification of the areangnt described in the first
section. The coupling lens is chosen such that the numexpeture (NA) given by
its focal length and the laser diameter corresponds to theenigal aperture NA of the
fiber. At the same time, this assures that the fluorescenpenss returned through the
fiber is completely captured. A tri-axial fiber coupler stggemits positioning of the
fiber end-face.

Coupling high-intensity laser-pulses into optical fiberaynhead to surface or bulk
breakdown processes of the fiber material, such as optieakddown occurring at the
fiber entrance or exit surface [79], or re-imaging of the fquaint within the fiber
leading to bulk damage [30, 181]. Also optical breakdown @& tfas-phase in front
of the fiber surface would spoil every spectroscopic ingasgibn, as the waist of the
Gaussian beam is on the order of several microns, resutifggh peak intensities
for pulsed lasers. With respect to this problem the focat spensity distribution was
homogenized using a micro-lens array (LA in Figure 4.1) giesd to yield an almost
flat-top intensity distribution and a focal waist of the sidethe fiber diameter [79].
The fiber end-faces were polished usingrt polishing paper.
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Figure 4.1: Schematic representation of optical setup for conventibiaand Ra-

man measurements (top), and bidirectional fiber couplimhdatection (bottom): DM
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Figure 4.2: Left axis: OH number density profiles using conventionakiype LIF

(blue crosses) and fiber probe LIF (green pluses with errm)b&onventional mea-

surement error bars of similar order as for fiber probe buttechifor clarity. Right
axis: Raman temperature profile (red circles). Lines ar@eeptial fits.
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Figure 4.3: Top: Spectrum with laser polarization perpendicular (idohg Raman

signal) and parallel (only fluorescence and chemiluminaesegto the detection optical

axis. Bottom: Difference spectrum featuring the pure Rasignature of N. Three

vibrational bands are perceptible, corresponding+dl < 0, 2+ 1, and 3« 2 (from
right to left).

Step-index multimode fibers made of fused silica (§i®ith fluorine-doped clad-
dings are commercially available and suitable for UV traission. They posses high
damage threshold intensities, and are characterized loy@fké&content (referred to
as high-OH and low-OH) as well as the amount of trace impsitiHigh-OH fibers
show better UV-transmission characteristics than thosielativ OH-content. The fiber
material’s inherent, fabrication-induced impurities atefects may lead to undesired
fluorescence, additional Raman bands, color-center fisma&nd photodegradation
effects [82) 83| 84, 85]. Stimulated Raman scattering andlimear effects become
important only for longer fibers or higher laser intensif@4].

In Figure[4.4 the back-scattering spectra of two fibers atiaraed by low and
high OH-content are shown. Both samples have the same gecahptoperties (core
diameter of 50Q:m, length 1 m) and comparable pulse-energies are transiitte-
cated in the legend) at a laser wavelength of 280 nm. The Rapw®atrum of vitreous
fused silica features phonon and defect bands at wavensmb&200 cnt! (corre-
sponding to 290 nm here)[82]. These are to a large extenkétbby the dichroic
mirror but are still clearly seen for both fiber types. Abo@3m (corresponding to
2400 cnt 1) two distinct features are observed. The high-OH fiber hassalnfeature-
less spectrum except for a dominant peak around 312 nm (Rahifr8714 cnt!,
FWHM 112 cnt!) which is to be attributed to the vibrational Raman band ef@H-
groups|[82]. Naturally, the OH Raman peak is red-shiftedigydame frequency from
the excitation wavelength as the OH fluorescence bapd= 3738 cm~! in the OH
X211 state) and thus interference renders the high-OH fiber lassbée with respect
to the detection of OH radicals. On the other hand the low-®rfis characterized
by broadband features the origin of which have not been uitarabsly identified but
might be attributed to fluorescence by trace species otigmpdrom the production
process or color-center formation upon high-power UV tnaission [84, 85]. It has to
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Figure 4.4: Laser-induced scattering for high- and low-OH fiber (coranteter
500 um, length 1 m) induced by 280 nm laser pulses. The legenddsslthe re-
spective transmitted pulse energies.

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

The same characteristic fiber scattering spectra (i.e. ipemh OH Raman peak
for high-OH fibers, and broadband fluorescence for low-OHré§ipbave 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 effii’s dependance on fiber
parameters (like fiber diameter or numerical aperture), elbas to assess the size of
the detection volume and the spatial resolution. On therdthad one would like to
compare quantitatively the detection efficiency of an @dtfiber probe to a conven-
tional lens-type optical setup. The following section gk an approach to describe
the irradiance distributiod(x), and the detection solid angle figlt{x) of an optical
fiber and to determine numerically the collection efficieficyhich is going to be de-
fined in Equation[(4]2)).

An expression for the number of fluorescence photdpgs upon laser-excitation
may be given by
B I, T 9]
Npy = SV 0V fe(T) Aoy Tesr — (4.2)
c 4
where for simplicity a two-level system is assumed, &hd is the Einstein coefficient
of absorption (in M Hz J-! s71), I, the spectral irradiance of the laser (in Wn
Hz), 7 the pulse length (in sk the speed of lightn is the number density of the
probed molecule (here OH) in the electronic ground staten(id), V the detection
volume (in n?), fg(T) the temperature dependant Boltzmann fraction, i.e. thiquor
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of molecules in the rovibronic level being excited;; = 1/7.4 Einstein coefficient
for spontaneous emission (in'y with radiative lifetimer,.q, 7. (in S) is the effective
lifetime of the laser excited state accounting for non-atide decay (quenching and
predissociation), anf the collection solid angle.

Equation [[4.2) holds for an infinitesimal volund®” and hence the total number
of fluorescence photons collected for an arbitrary optigatesm is found by spatial
integration

ON.y,
N :/ AN}, = ph gy (4.3)
pho= f e o

wheredN,, /0V = BI71c™ ' n fg Ao (2/47) is readily found from Equatiofi(4.2).
In a homogenous environment the only parameters showingteakgependance are
I(x) andQ(x)/4x if absorption is neglected for the time being. It is convehi®
assume cylindrical coordinatesr, ¢, z) so that we can define the detection efficiency

Q

.= / I(x) Dz dordrdz (4.4)
% 4m

as a quantitative measure for the number of collected pbdtmrdifferent optical se-

tups (for convenience we only consider the irradiah@gstead of the spectral quantity

L).

Fiber Probe Collection Efficiency A first-order estimate for the radiation fieldx)
behind the fiber endface is found by assuming the light enearfadm a point source
(i.e. I(x) = C/x?) and is isotropically distributed over the solid angle dedirby
the numerical apertur®xa = arcsin(NA). According to Gauss’ divergence theorem
integrating/ (x) over a closed surface yields the total radiative poWwewithin the
volume enclosed by the integration surface, ife.= [ I(x)dS. After integration
over O 4 the constant is found to b€ = P /2w(1 — cosfya) SO that the radiation
field can be readily expressed as

I(x) P

- 27(1 — cosOna) T2

(4.5)

Determining the effective collection solid andl¥x) of the fiber is a purely ge-
ometrical problem. The solid angle of an arbitrary surfaceeen from a point in
space may be defined as

X -dx’
s@)  X°
The integration is performed ovél(z’) with de’ = ng dS(x’) normal toS(x’) and
X = z’ — z. In the present consideration the surfa€eorresponds to the fiber
end-face.

Optical rays impinging on the surface at an angle which isigrethan the crit-
ical acceptance angle of the optical filtgry will be reflected and not contribute to
the effective collection solid angle. In mathematical terthis condition is readily
expressed in terms of the anglé X, dz’), i.e. only if Z(X,dx’) < Ona does the
surface elementz’ contribute to the integration. Thus, we may rewrite Equaf{fg)
as a conditional integral:

Qz) = (4.6)

X -dx’

s X3 (4.7)
Z(X,dz’) < Ona

Q(x) =
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Figure 4.5: Irradiance field/ (x) (top), and effective collection solid angle distribution
Q(x) (bottom) in cylindrical coordinates (radial coordinatednd axial coordinateg.
Fiber parameters: numerical aperture NA = 0.22 and dianiefgy = 500um.

Knowledge ofl (x) andQ(x) (Figurd45b) now allows for determining the effective
detection volume and the collection efficiericyoy means of evaluating integral (#.4).

Conventional Lens-Type Collinear Detection It is of interest to compare the above
result to the collection efficiency for a conventional LIFaargement such as the lens-
type collinear setup presented in the prior Secfion %.2is May be accomplished

by considering that the collection solid angle is essdgt@instant over the detection

volume seen by the collection lense ({&x) = £y = const) so that

Q
F:/‘/I(r,z)ﬁdaprdrdz =

QO af/Diens 0o 2T
/ / / I(r,z)dprdrdz. (4.8)
z r ©

AT ) af ) Diene Jr=0

The inner two integrals corresponds to the radiant pdretich is constant along the
optical axisz, and the integration along may as a first order estimate be performed
over the depth of fiel@ a f/ Diens (a detection aperturd),,,,s diameter of the lens).

4.4 Results

4.4.1 Collection Efficiency and Detection Volume of Bidirectnal
Fiber

In Sectior 4.8 the fiber’'s excitation and detection distidouwere determined, shown

in Figure[4.5, so that the resulting detection efficieRayay be evaluated for different
fiber geometries. It turns out th&t/ P (normalized by the total radiant powét)
amounts tov 1 x 10~5 m for the fiber dimensions used in experiments presented here
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Fiber type Diameter NA FEirans I'/P  Eiyans'/P
(M) (mJ) (10 m) (10 mIm)
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 35 10.1
MSIF 1000 0.37 3.9 4.3 16.9

Table 4.1: Threshold transmitted pulse energigs.,s and overall detection efficien-

cies for various fiber types and sizes. Dataff.,s corresponds to 150 ps pulses at

532 nm and is adapted from [86]. The normalized detectionieffcies"/ P for the
respective fiber parameters were numerically determinel@ssribed in the text.

(NA = 0.22 and diameteDsiper = 500pm). It is of interest to compare this value to
the collection efficiency for a conventional LIF arrangetrsuich as the collinear setup
presented in Sectidn4.2.1. This result§jP = 4 x 10~ m for the presented optical
setup. This implies that we can expect LIF intensities ofshme order of magnitude
for the lens-type LIF reference experiment as for the fibebpmeasurements which
is confirmed by results presented below.

Evaluation of integral[{414) further yields that 50 % of thi-Lsignal is collected
from an area within a distance of 1.0 mm from the fiber endfaldeis corresponds
roughly to the length of the cone of maximum collection salidjle given byD /2 tan Oxa
= 1.1 mm. At the same time 90 % of the LIF photons are colleateh fan area within
6.4 mm distance from the fiber face. The detection volume hadpatial resolution
is hence in the range of several mm and scales as the fibertdiar@alculations also
have shown that the collection efficienEyscales linearly with increasing fiber diame-
ter as well as typical numerical apertures NA (multi-modgshdex fiber (MSIF) with
non-silica cladding NA =0.37, all-silica MSIF NA =0.22, gile-mode fiber (SMF) NA
=0.13, and large mode-area photonic crystal fiber (PCF) NAO#)0

Apart from the fiber diameter’s influence on collection effitty one has to con-
sider that thinner fibers permit less transmitted radiamgra® due to the core ma-
terial’s threshold damage. Hence, it can be expectedithatroughly inversely pro-
portional to the square of the fiber diamefeg,... This leads to the conclusion that
the number of detectable fluorescence photiips < PT scales af?. This trend is
confirmed by including results of the measurements condumyeHsu et al.|[86] who
have investigated damage thresholds of various fiber typeésiaes (Table 4l1). The
D?3 scaling is confirmed for fibers of which different sizes hagetinvestigated, i.e.
the multi-mode fibers. It can also be seen that single-moddage mode-area pho-
tonic crystal fibers, which are both characterized by a s(nadide-)core diameter, are
less suitable due to their small collection efficiency ad aglattainable pulse energy.
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4.4.2 LIF OH Detection using Bidirectional Fiber Probe in Harsh
Environment

In Sectio 4.211 conventional measurements of the OH caratéon and temperature
profiles in a stoichiometric methane-air flame were outlin€@H LIF was also per-
formed using the fiber probe technique described above bgrsimg the fiber endface
perpendicular to the flames’s symmetry axis. Fiduré 4.6 shitve OH LIF spectra
(A%X - X2II 1 + 1 and 0« 1 band) for the two LIF arrangements, as well as the
non-resonant fiber scattering background (dashed lineBjeeTconclusions may be
drawn: first, the OH LIF spectrum is unaffected by the presesicthe fiber probe,
meaning that quenching effects are not observed in therspecsecond, the inelastic
fiber scattering, which was the same when the fiber was ingidatside the flame, is
exceeded by the OH LIF signal; third, one finds a comparalifesignal intensity - the
conventional LIF spectrum being scaled by factor of 1/2 mfigure - for both optical
arrangements as predicted by the above collection effigziemesiderations.

The OH concentration gradient was scanned using the fibéeptbe outcome of
which is included in Figuré4l2. The OH profile is resolved amdjood agreement
with the reference experiment. The relatively large erarstof the LIF measurements
shown for the fiber in Figule_4.2 (conventional measurement bars of similar order
but omitted for clarity) are due to flame fluctuations and gbeghot fluctuations of the
laser which could not be corrected for by the averaging paneter used.

At first glance, it might be surprising that the fiber withstarthe excessive flame
temperatures. This may be explained by assuming an equitidsetween convective
heat transfeQcony = o A (T — Tgas) from the hot product gases to the fiber, and
heat losses due to conducti@h,,q and radiative cooling),.q = e 0 A (T* — T{) (o
is the Stefan-Boltzmann constant). An emissivity of 0.9 basn assumed for fused
silica, and the heat transfer coefficienthas been evaluated from a Nusselt number
correlation of the flow field (cylinder in cross flow). It turpsit that conduction losses
are negligible and an equilibrium temperatureéfof~1400 K is found. Nevertheless
the physical intrusion of the fiber close to the reaction zdisturbs the flow field and
thus the flame cone which causes slightly biased resultsvatdights.

45 Conclusion

Detection of OH LIF has been demonstrated using a bidireatifiber probe technique
with the potential for minimally-invasive measurement entarsh conditions. Refer-
ence experiments have been performed (OH-LIF and Ramamjier to characterize
a stoichiometric methane-air flame serving as a referenmergrent. An optical setup
has been presented which permits simultaneous couplinghetfiber and detection
of the backscattered fluorescence signal. The detectianesfty and the dimensions
of the sample volume have been characterized numericdltg ggometrical consid-
erations. All-silica optical fibers may be found which arétale for simultaneous
UV-radiation transmission and detection of fluorescendgchvis red-shifted beyond
the vibrational Raman signature of the fiber (21000 cnt!). OH LIF was detected
and the OH concentration profile in a laminar premixed flamédtbe reproduced.
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Figure 4.6: OH LIF spectrum of fiber probe and conventional lens-typécapsetup

LIF spectrum (scaled by a factor of 1/2 and shifted for gjaritThe dashed line is

the background including chemiluminescence and fiberesdadt 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 permitkirapecies profile measure-
ments under industrially relevant temperatures and pressurhe reactor combines
a capillary sampling technique with a novel fiber-optic Lraseluced Fluorescence
(LIF) method. The gas sampling provides quantitative asialpf stable species by
means of gas chromatography (i.e. CiD,, CO, CQ, H,0, Hy, CoHg, CoHy), and
the fiber-optic probe enables in situ detection of trandi¢Rtactive species, demon-
strated here for CED. A thorough analysis of the LIF correction terms for the penature-
dependent Boltzmann fraction and collisional quenchirgmesented. The laminar
flow reactor is modeled by solving the two-dimensional NeBekes equations in
conjunction with a detailed kinetic mechanism. Experiraéand simulated profiles
are compared. The experimental profiles provide much neédatiedfor the continued

This chapter is adapted from the author’s version of a maipidty Heiner Schwarz, Michael Geske,
C. Franklin Goldsmith, Robert Schldgl, Raimund Horn, whictswaacepted for publication in Combustion
and Flame, Elsevier (http://www.journals.elsevier.comibastion-and-flamg/). Changes resulting from the
publishing process may not be reflected in this document. Aitleéiversion will be subsequently published
in the journal.
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validation of the kinetic mechanism with respect tpdhd G chemistry; additionally,
the results provide mechanistic insight into the reactietwork of fuel-rich gas-phase
methane oxidation, thus allowing optimization of the intia$ process.

5.1 Introduction

Owing to the predicted depletion of petroleum reservestrdmesformation of natural
gas (i.e. methane) into value-added chemical products ggafing interest for the
chemical industry. Conventional approaches rely on imdicenversion via synthesis
gas production (from steam reforming, €€forming or partial oxidation), followed
by a gas-to-liquid process, but these multi-step procesmsegarticularly capital inten-
sive. Therefore, the direct conversion of methane to etigylenethanol or formalde-
hyde is economically more favorable [87] 11].

Oxidative Coupling of Methane (OCM) could be a desirablediconversion route
in which methane is transformed into ethylene under fugi-conditions (CH/O, = 2
- 8, or an equivalence ratip = 4 - 16) at temperatures around 1000 K and pressures
up to 30 bar. It has been suggested in the literature that @l @action proceeds
via a homogeneous/heterogeneous coupled mechanism_[B8A22ording to this
model, methane is first activated on the catalyst, and thdtieg methyl radical des-
orbs. Two gas-phase methyl radicals combine to form ethahich is subsequently
dehydrogenated to ethylene. In fact, OCM can occur everowith catalysts, albeit
with very low selectivity [89] 90, 23, 91]. Although the exaole of oxygen in the
homogeneous/heterogeneous mechanism is unclear, itvenkimat small concentra-
tions of oxygen are necessary for OCM. If the concentratiboxygen is too high,
however, the g products will be oxidized, thereby decreasing the yield.mpuota-
tional engineering will play a key role in the optimizatiofitbe reactor design, catalyst
choice, and operating conditions. An essential compongtiti® approach includes
detailed models that describe the coupling between fluichardcs and the kinetics
of elementary surface and gas phase reactions. The pueditiiity of these models
depends upon the accuracy of the underlying rate coeffiiemtthe elementary re-
actions. These kineflomechanisms are often tested against experimental data take
under low-pressure and/or highly dilute conditions. A maesirable approach would
be to validate the mechanisms against data taken undetiizdlyselevant conditions,
since it requires less extrapolation, but this approachweak only if the flow field and
chemistry can be modeled simultaneously in a rigorous yetpeationally efficient
manner. This manuscript presents an experimental apgadagigned precisely for
this purpose and the accompanying kinetic simulations.

Gas-phase Oxidative Coupling of Methane was studied in &Ineersatile flow
reactor designed for spatially resolved kinetic profile sugaments under homoge-
neous (and/or catalytic) conditions, with temperaturesoup300 K and pressures up
to 45 bar|[92]. The reactor features a sampling capillargugh which a small frac-
tion of the reacting gas mixture is transferred to quarNitagas analytics, e.g. a mass
spectrometer (MS) or a gas chromatograph (GC). Complemintarecently devel-
oped fiber-optic Laser-Induced Fluorescence (LIF) met®&divas applied for in situ
detection of CHO, which is an important intermediate in the oxidation pescedt is
worth emphasizing that the reactor does not require optiealports; optical access

IMechanisms of elementary rate constants are commonly referrasl ‘tmicrokinetic” in the catalysis
community, whereas the preferred term in gas-phase chemsstdgfailed kinetics” or “elementary kinet-
ics”.
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is provided only via the novel fiber-optic LIF probe. Thishetue is of particular
interest for applications where optical access is limied.( high-pressure reactors or
internal combustion engines).

Sectior 5.2.11 describes the experimental design of thelgrefictor, in particular
the sampling process as well as the temperature and speciBsia. Sectioh 5.2.2
outlines the optical setup of the fiber-endoscopic LIF meilamd Section 5.2.3 details
the corrections necessary to derive relative concentratieasurement from the LIF
data, including collisional quenching and the temperatigeendance of the exited
state populations. Sectién b.3 describes the reactor ingdesing Computational
Fluid Dynamics (CFD) and the required reduction procedtitkekinetic mechanism.
In Sectior[ 5.4 the results of experiment and simulation aesgnted and discussed,
followed by a kinetic description of the elementary reattiteps.

5.2 Experimental Methods

5.2.1 Profile Reactor Measurements

A detailed description of the reactor design is given.in {#2% essential features of the
profile reactor are schematically summarized in Figuré $He flow reactor consists
of a cylindrical fused-silica tube of 18 mm inner diameted &9 mm thick walls. It is
enclosed by an electrical furnace (not shown in the drawihg)temperature of which
is monitored using a thermocouple. The gas flow is regulayechbbrated mass-flow
controllers for CH, O,, 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 medm fused-silica
capillary (outer diameter 652m). The capillary is translated along the reactor axis
allowing continuous sampling of the reacting gas mixturd #rus a determination
of the chemical composition as a function of position. A Kéythermocouple can
be inserted in the capillary void, additionally providingfarmation about the axial
temperature profile. An-alumina foam (80 pores per linear inch) provides mechénica
stability for the sampling capillary and allows efficienepeating of the gas stream
prior to entering the free gas-phase region. The samplites 10 ml/min) are
adjusted such that they are considerably smaller than taé ftow rate, so that (i)
the flow remains largely unaffected from the sampling andtii@ sampling volume
remains small. It was verified experimentally and numelydak. by CFD simulations
of the sampling process) that the spatial resolution is erotider of several hundreds
of microns so that profile gradients are not limited by thetispaesolution of the
technique.

When probing a reacting gas mixture one has to ensure rapiaching of the
chemical reaction in order to achieve an unbiased measuteshé¢he probing posi-
tion. This may be assured if either (i) the sampling time @rsbhompared to changes
in chemical composition (i.e. rapid extraction), or if (figat or radical removal by
collisional wall-quenching inhibits reaction progress.our experiments, the reaction
timescale is on the order of 0.1 s while sampling occurs oigatyf shorter timescale,
so that the first condition may not suffice to justify unbiaseanpling. However,
guenching distances af1 mm between silica walls, even when maintained at 1000 K,
are generally sufficient to suppress a reaction [68]. Sindbée present experiment the
wall distance inside the capillary is much smallerlQ0 ym) it can be assumed that
thanks to wall-quenching (i.e. by radical recombinatiom)umbiased composition of
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Figure 5.1: Reactor design. The electrical furnace enclosing the se&bmitted for
clarity.

the reaction gas is analyzed.

The sampled gas is transfered to a mass spectrometer faeanbnitoring of the
reaction. Additionally, quantitative detection of theldtagas-phase species is attained
by a micro gas-chromatograph (Varian, model CP-4900). TheorGC consists of
two columns: a Molsieve 5 A column for the permanent gasesdi, O,, Hs, and
CO using Ar as carrier, and a PPU column for £43 well as the three{Zompounds
— CGHg, C:H4 and GH, — with He as carrier. KO was removed from the gas stream
before entering the gas chromatograph with a membraneplate/water filter (Genie
170 from A+ corporation), since the micro-GC has to be ogerdtelow 100°C in
order to separate He and HConsequently, water has to be calculated from the oxygen
balance. All gases were calibrated against the internadiata prior to the experiment.
On yet another column, s and GHg were detected but these gases were not cali-
brated. The experimental error originates mainly from ttessnflow controllers with
approximately 2% per gas species for a typical flow rate uBeid% of max. value +
0.5 % of current value). The overall error of the gas-chramgetph is better than 1 %.
The carbon and hydrogen balances close to more than 95 %ughiminor species
such as oxygenates were not calibrated.

5.2.2 Fiber-Optic LIF Detection of CH,O

Formaldehyde (CED) is an important reaction intermediate in hydrocarbordaxi
tion. In combustion environments it can be observed in tledgating zone upstream
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Figure 5.2: Schematic representation of the optical setup for bidiveel fiber cou-

pling and fluorescence detection: DM dichroic (longpass)aniL lens, MLA micro-

lens array, P power-meter, OF optical fiber, F glass filteisj@&#trometer, DV detection
volume.

the flame front. Under partial oxidation conditions, it is ajor intermediate in the
undesired CO pathway [91,/94], which will also be seen siriGe&.4.3.

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

Recently, we demonstrated the use of a novel technique ttigxgniLIF detection
in harsh environments using a single bidirectional optiiter probe|[93]. Since the
reactor does not provide optical view-ports advantageksraf the fact that the sam-
pling capillary may (alternatively to the thermocouplef@ammodate an optical fiber
and thus provides optical access (magnification in Figuflz Figure[5.P shows the
setup adapted for bidirectional coupling of the excitateser and fluorescence detec-
tion using an optical fiber. 1 mJ/pulse of the third harmoriia @-switched Nd:YAG
laser (Spectra-Physics, Quanta-Ray PRO) are coupledhiatéiter to excite the '4
band (i. e. the out-of-plane bending vibration) of the CHA 'A, + X 'A; transition
around 355 nm. The laser line was measured with a gratingrepeeter and found at
28183.46+ 0.10 cnt! with a FWHM of 1.8 cnt!. To prevent optical damage of the
fiber's end-face a micro-lens array (MLA in Figures.2) sert@homogenize the focal
beam waist. Fluorescence is excited in the detection volD%g at the tip of the fiber
and emitted isotropically so that a portion is again captung the fiber. The signal
is transmitted by the long-pass dichroic mirror (DM) andlgped in a fiber-coupled
spectrometer (SP). Strong Fresnel reflections of the lase=and low wavenumber Ra-
man scattering of the fiber are suppressed by an addition@8&Gchott glass filter.
Since the CCD camera does not allow fast gating 100 shotscaterailated on the
chip before reading out the spectrum. The average pulsgyisemonitored using a
power-meter (P).

Step-index multimode fibers made of fused silica (§i®ith fluorine-doped claddings
are commercially available. Being high-temperature tsisat the same time they
posses high damage threshold intensities thus being RufiabUV laser transmis-
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Figure 5.3: Backscattering spectrum of the optical high-OH fiber (blaeg ex

situ CH,O laser-induced fluorescence spectrum acquired througfilibe (green).

The strong peak at 409 nm is attributed to the fiber's OH-gtrdRaman peak

(~3700 cnt!). The inset clearly shows the characteristicCHluorescence superim-

posed on the fiber's Raman feature. The residue of the 355senliae is seen while
the spectral region up to 405 nm is filtered out by the dichnaicor.

sion. There are two types of fused-silica fibers, charaztdrby their OH-content
originating from the manufacturing process, commonly mefeé to as high-OH and
low-OH. The fiber material’s inherent, fabrication-indddenpurities and defects may
lead to undesired fluorescence, additional Raman bands;-cahter formation, and
photodegradation effects |82,/ 83, 84, 85]. Stimulated Rastattering and non-linear
effects become important only for long fibers or higher laséensities [[84]. Low-
OH fibers are prone to strong broadband fluorescence at 355«citat@®n, thereby
rendering them inappropriate for the current applicatidigh-OH fibers show better
UV-transmission characteristics, and it has been showtriiiedack-scattering spectra
of high-OH fibers are characterized by the Raman signatwitrebus fused silica fea-
turing phonon and defect bands at wavenumkef200 cnt!, as well as a dominant
peak around 409 nm which is to be attributed to the Raman batttedOH-groups
stretching mode (Raman shift3700 cnt!), see Figuré 513 and reference![93]. No
spectral features are observed at longer wavelengthsasthth spectral window may
be used to detect the GB fluorescence signal (inset in Figlrel5.3).

It is necessary to comment on the spatial resolution of ther-fibF technique.
In the following we present an analytical expression for ititensity and collection
efficiency distribution at the fiber tip and derive an instantal function that will be
used later in the profile measurements. First, recall thakpression for the number of
fluorescence photon¥,,;, generated upon pulsed laser-excitation in the linear regim
is given by
nV fp Aoi Test 4& (5.1)

m

where for simplicity a two-level system is assumed, &hd is the Einstein coefficient
of absorption (in M Hz J-! s71), I, is the spectral irradiance of the laser (in W

Npy =

B12 L, T
C
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Hz~1), 7 is the pulse length (in s); the speed of lightp is the number density of
the probed molecule (in n¥), V is the detection volume (in #), fg is the fraction of
molecules in the rovibronic level being exciteth; = 1/7,.4 is the Einstein coefficient
for spontaneous emission (in'y with radiative lifetimer,.q, 7.z (in s) is the effective
lifetime of the laser excited state accounting for non-atidé decay (quenching and
predissociation), ang is the collection solid angle.

Equation [[5.11) holds for a differential volum#/” and hence the total number of
fluorescence photons collected for an arbitrary opticalesyss found by spatial inte-

gration
ONpn

Nh:/thz
p v p vav

wheredN,,/0V = Bia I, 7c™! n fg Aoy 7o (Q/47) is readily found from Equa-
tion (5.1). For convenience we only consider the irradiahdestead of the spectral
quantity I,, in what follows. In a chemically homogeneous environmeetdhly pa-
rameters showing a spatial dependenceldne andQ(x)/4w. It is convenient to
assume cylindrical coordinategr, ¢, z) so that we can define the detection efficiency

av (5.2)

.= / I(x) Mdg&rdrdz (5.3)
v 47

as a quantitative measure for the number of collected pkdtmrdifferent optical se-

tups.

Neglecting absorption and saturation in the present d@vival (x) andQ(x) fol-
low from purely geometrical considerations. This is mostvemiently understood by
referring to Figur€5J4. Figute 3.4 (a) shows the radiatieldff (x) in cylindrical coor-
dinates, which is in a first approximation deduced in termsof? law. The irradiance
distribution I () is normalized by the laser powét, resulting in units m?2. On the
other hand the solid angle of an arbitrary surf&seen from a point in space may
be defined as

X/X ‘Nng ds
s@) X
The integration is performed ovéi(x’) wherens = ng(x’) denotes the surface nor
mal unit vector of the surface elemeiff at positionz’ andX := = —x’. The distance
vector X may also be interpreted as an optical ray from a paind the surface ele-
mentdS(x’) and in the present consideration the surféogbviously corresponds to
the fiber end-face. Optical rays impinging on the surfacenarale which is greater
than the critical acceptance angle of the optical fther are reflected and cannot con-
tribute to the effective collection solid angle. In matheice terms this condition is
expressed in terms of the anglé X, ng(x’)), i.e. only if Z(X,ng(x’)) < Ona
does the surface elemefit’ contribute to the integration. Thus, we may rewrite Equa-
tion (5.4) as a conditional integral:

Q(z) = (5.4)

X/X-nst

S(x’) X2 (5.5)
(X ,ns(x")) < Ona

Qx) =

The result is shown in Figufe 3.4 (b). Quantification/¢f) andQ(x) now allows
for quantitative determination of the effective detectimtume and the collection effi-
ciencyl’ by means of integral (5.3). In particular, we will need

27 oo
~v(2) ::/0 dgo/o rdr I(x) %f) (5.6)
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Figure 5.4: (a) Normalized irradiance field/P, and (b) effective collection solid
angle distribution in cylindrical coordinatesr{and z). The instrumental function
~(z) for the optical fiber probe is shown in subfigure (c). Fiberapagters: numerical

aperture NA = 0.22 and diametéX;y,, 400 um.

which serves as the instrumental function for the optic&rfibeasurements presented
here.y(z) is shown in Figur€5]4 (c) and will be used to deconvolute teasared LIF
profiles (cf. Section 5.411).

5.2.3 LIF Corrections

The preceding discussion suggests that some comments @meinon the likelihood
of saturation effects. From the intensity distribution iigufe[5.4 (a) it can be seen
that the maximum value for the normalized intensify” amounts to8 - 10¢ m~—2.
Recalling a per-pulse-powé? of roughly 1 mJ/10 ns = 0.1 MW and a linewidth of
1.8 cnm!, the spectral intensity is found to be on the ordef,0f I/Av =8-10° m=2x

0.1 MW/1.8 cm™! ~ 108 W/cm®cm . Itis thus unlikely that saturation has occurred
in the present experiment since this value is significarmtlyelr than saturation inten-
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sities reported by other authors [95] 96]. In retrospeds, jtistifies the linear regime
assumption implied by Equation (5.1).

In view of making concentration profile measurements, twagsn Equation[(5]1)
need further consideration, namely the ro-vibrationaltBobhnn population of the
laser-coupled lower state and collisional quenching &fe®oth will be discussed
in the following paragraphs.

The portion of molecules in the lower laser-coupled state loa approximated
assuming the molecule ensemble to be in thermodynamicileduiih, i.e. the popula-
tion distribution is described by the temperature-depahBeltzmann fractiorfs (7).

It may be calculated with a statistical mechanical formalabased on fundamental
well-established molecular parameters. Boltzmann foastimay be evaluated inde-
pendently for the vibrational and rotational energy modes.l’) = fvib frot- The Vi-
brational partition functior¥,,;; is expressed as a product over the vibrational energies
v; [30],

3n—6 —hvs —1
b = 1—ex ! 5.7
vib E ( p kBT) (5.7)

where the product for the planar G8 is over the six vibrational normal modes with
frequencies/, ..., vs [974,/98]. The population of the vibrational ground stateuwss
to1/Z,, and is plotted as a function of temperature in Figuré 5.5 ethe temperature
range relevant for this study (600 - 1200 K) the ratio of maximto minimum value for
fib IS ~2; this ratio is also given in parenthesis in the figure antiseilve as a measure
for the temperature-sensitivity of the different correntiterms. Subsequently, this
ratio will be referred to as sensitivity-factor and will betdrmined for the rotational
population variation as well as the quenching term so thatatitative comparison of
the terms is possible.

The rotational structure of the formaldehyde molecule isexily represented by
an asymmetric top. Fortunately the asymmetry is only slight therefore in good
approximation its energy level structure can be descrilyeal §ymmetrical top where
an algebraic expression for the rotational states may bedfotrhe rotational term
values in the rigid rotor approximation of the prolate synmgal top are

Ejx/he=BJ(J +1) + (A- B) K? (5.8)

whereJ is the total angular momentum quantum numieits component along the
molecule’s symmetry axisd > B > C are the rotational constants aBd= 1/2 (B +
() [99,/97]. Due to the dense structure of the formaldehydetsg®and the relatively
broad excitation linewidth of the multimode laser, sevérahsitions contribute [100].
From the tabulations provided by Dieke and Kistiakowskyoitild be established that
four transitions of they P-branch are excited, and their line intensities are desdrily
the Honl-London formula for. bands|[99, 31]

o (J+E-1)(J+K)
Bix = J2T+1) (5.9)

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

K

—Ey
9KJ €XPp —p—

i prb 2SR 5.10

fwb {JZ;} J K Qrot ( )
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wheregg ; is the rotational-nuclear spin statistical weight for thetes{ ./, K'} so that
the latter term represents the Boltzmann fractions for titkvidual rotational states
(Figurel5.5 (b)). Again, the sensitivity-factor of the rid@al population temperature-
dependence in the relevant temperature range is determsmtt ratio of maximum
to minimum value and amounts to2 (again given in parenthesis for each rotational
state in the figure). The temperature dependence of the Ibaésorption over the
relevant temperature range is plotted in Fiduré 5.5 (c). @ie that both vibration and
the rotation contribute comparably to the Boltzmann terapge-dependence and that
the overall sensitivity-factor is roughly 4.

The effective lifetime of the laser excited state(-manifot.s = (4 + Q)" is
related of to the collisional quenching rade The quenching rat€) = ", n;o;v;
in turn is a function of composition;, the quenching cross-sectiefnand the relative
molecular velocity; = f(7T) of all possible collision partners. Though Harrington and
Smyth [95] state that the Boltzmann dilution is by far theglarcorrection term, the
body of literature of fundamental quenching parametersarappropriate temperature,
pressure and composition space is rather scarce. Severgdggfl01} 102, 103, 100,
104] have measured effective fluorescence lifetimgsn flames and generally find
a monotonically decreasing lifetime along the reactionrdomate, roughly described
by aT—! relation. Correction for this effect effectively leads talawnstream shift
of the measured CHD profile with respect to the LIF signal. In those studiesipsat
of maximum to minimum lifetimes and thus the sensitivitgifar to this correction
term ranges between 2 - 3, while the temperature gradieatsxed more than 1000 K
accompanied by the drastic composition change charaatddsflames. With respect
to the present experiment, the temperature gradient idenfal500 K), and also the
composition change is moderate due to the dominating metbamtent. It may thus
be expected that the lifetime correction term here is on éimeesorder or smaller and
in first approximation may be described by.a o 7! relation.

Summing up the preceding section, it is now possible to coentiee effect of the
two correction terms and it can be seen that the overall Baltm factor is indeed
the larger contribution compared to the quenching term. Seresitivity to the latter
can be expected to be smaller than 2 while the Boltzmann c@rreterm sensitivity
factor was roughly twice as large. While an expression foBbézmann variation has
been derived (Figufed.5 (c)), we will assumg o T~ for the quenching effect; the
influence of the correction terms on the measured profileistugsed in Sectidn 5.4.

5.3 Kinetic Reactor Simulations

The challenge in reacting flow simulations is to describeieately the coupled trans-
port and chemistry phenomena. The present section disctwsdmportant aspects
of the detailed chemical kinetic simulations performeyiréduction of the elementary
kinetic mechanism as a prerequisite for computationallbdayg, and (ii) comprehen-
sive modeling of the flow reactor by means of detailed kin€mmnputational Fluid
Dynamics (CFD).

5.3.1 Mechanism Reduction

In a literature review of available detailed kinetic medsars for fuel-rich methane
oxidation conditions characteristic for OCM — the studylWw# described in a forth-
coming paper by the authors — it was found that the mecharéported by Dooley et
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al. [5] performs most satisfactorily; this conclusion issn from the comparison of
a set of experimental reactor profiles to kinetic simulatiorherefore this mechanism
was employed in the present investigation. It is a comprekierkinetic mechanism
including H,, C;, C;, C3 and C, oxidation chemistry. Broadly speaking, it consists of
two sub-mechanisms: a small-molecule mechanisms by Li. €18b] for synthesis
gas combustion, and a larger mechanism foiGz oxidation and pyrolysis by Healy
et al. [106]. The dependence of many elementary steps osyeeis considered and
third-body efficiencies of many species are included.

Mechanism reduction is often indispensable in CFD simaoiretiof chemically re-
acting flow. In fact, the commercial CFD software used in thespnt work, FLUENT,
is hard-coded for a maximum of 50 species, and the mechanjdbobley et al. has
nearly 300 species. Fortunately, the vast majority of thepecies are irrelevant for
fuel-rich methane oxidation under conditions relevantis study, due to the consec-
utive nature of the reaction. From a chemical perspectiae50-species limit is com-
pletely arbitrary; nonetheless, in order to determine Brhost important species” for
the present problem, the mechanism was reduced as folloinst, the experimental
conditions were simulated using the Plug-Flow Reactor h@@leR) implemented in
CHEMKINF, since this model allows for first-order sensitivity anadysf the species
with respect to the rate coefficients. Sensitivity analyss performed for each of the
eight target species that were quantitatively detected;, @4, Hy, H,O, CO, CQ,
C,Hg and GHy. For each of these species, the reactions were sorted augdoodhe
absolute value of the sensitivity coefficients (in descegdirder). Next, each species
in the mechanism was ranked according to its position inighef sorted reactions; for
example, each species in the first reaction was given a s€dreand each species in
the second reaction was given a score of 2 (assuming tha pesies were not also in
the first reaction). Once this process had been repeatetl farget species, the scores
for all the species in the mechanism were summed, and theet@espwith the lowest
scores were retained. Ar was forced to be the 50th specie Biserved as internal
standard in the experiments but does not occur in any react#mother reason for
using Ar as 50th species was that all numerical roundingeas well as errors from
the mixture averaged diffusion treatment were lumped inAhenass fraction. The
process was repeated for ¢, feed ratios ranging from 4, 8 and 16, temperatures
at 700 and 1100 K, and pressures of 1 and 8 bar. An alterngiju@ach is to use the
absolute flux through each reaction, rather than its seitgidoefficient. The process
above was repeated using the flux-based approach. The twWwdsetvere in close
agreement regarding the most important species, with {hdspecies being identi-
cal. Where the two approaches differed, the sensitivite@pproach tended to favor
smaller oxygenates, whereas the flux-based approach téadmdarger unsaturated
hydrocarbons. A detailed comparison of the two reductiothogs with other more
established mechanism reduction methods is beyond the stdpe present work but
will be the subject of a forthcoming manuscript. For simipjicwe have adopted the
sensitivity-based method for the remainder of this worke Téduced mechanism is ap-
pended as Supplemental Material, with the different spdo@ween the two methods
highlighted.

Using the Cylindrical Shear-Flow Reactor model (CSFR) inEBAKIN the appro-
priateness of the mechanism reduction was verified. Shovigire[5.6 is the com-
parison between the complete and the reduced mechanisih tiaslkee CSFR center-
line profiles (solid and dashed line respectively). The rae@m reduction results in

2REACTION DESIGN® CHEMKIN 10111
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5.3. Kinetic Reactor Simulations

a slight upstream shift of the profiles, but all species cotred¢ions are reproduced
within a minor error. Although the 50-species limit is arhity, it can be stated that the
disadvantage of the mechanism reduction is outweighedédpehefits of the detailed
CFD simulations as will be outlined below.

5.3.2 Reactor Modeling

The complete set of steady-state, laminar Navier-Stokeatems was solved using the
finite-volume implementation of the FLUENT software pa ith the CHEMKIN-
CFD package for detailed kinetfts The two-dimensional axisymmetric simulation
domain comprises the reacting fluid zone as well as the giieator walls and the
sampling capillary. The fluid physical properties of theiwdual gas-phase species
are calculated based on kinetic theory expression, andhpolial coefficients for the
temperature-dependent thermal conductivity of the fuskch bodies were taken from
the literature|[107]. Diffusion was modeled based on thetunecaveraged approach.
The only boundary conditions imposed are the fluid inlet dtboras and the outer wall
temperature. Inlet flow properties are assumed constamttiogeadius, which is ex-
perimentally assured by the foam at the flow inlet. Note thatdampling capillary
imposes another no-slip condition in the reactor centeichveads to an annular flow
profile. The computational domain was meshed using rectangells of uniform di-
mensions. Throughout the computational process the gaiciisg of the fluid zone was
gradually reduced down to 0.1 mm until no significant changéeise species contours
could be observed. In the radial direction the fused-sikeector wall was meshed with
1 mm spacing while the central capillary was radially sulaid into 2 equally sized
cells. A steady-state solution was attained with residoalew105.

The Reynolds numbeRe, is on the order of 100 so that laminar flow conditions
can be assumed. The Péclet numbers for energy and massottaRsp = L u/«
andPe; = Lu/D; are on the order of 50 and 20, respectively. Hérés the charac-
teristic length given by the extension of reaction zord@ mm),« the annular flow
velocity (~0.1 m/s),a the thermal diffusivity ¢2-10~°m?/s), andD; represents the
diffusion coefficients of species(~5-10-> m?/s for H,). The Péclet number derives
from dimensional analysis and compares the convective dfugige terms in the en-
ergy and species’ mass conservation equation. If the PBataber is substantially
greater than unity, then it is assumed that axial diffusemegligible compared to
convection and may be omitted from the transport equatidwesglecting the diffu-
sion term changes the system of partial differential eguatfrom elliptic to parabolic,
which has substantial implications for numerical solutiéior the present problem of
chemically reacting flow in a tube, this simplification is knoas the boundary-layer
model [38], and it is implemented in CHEMKIN as the Cylindii&Shear-Flow Model
(CSFR)[39]. Using the boundary-layer model has the adgenthat detailed kinet-
ics can be implemented at reasonable computational colséseas full Navier-Stokes
simulations with a comprehensive kinetic mechanism edstome computationally
intractable on a workstation.

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

3ANSYS®© Academic Research CFD, Release 14.5
4REACTION DESIGNS CHEMKIN-CFD for FLUENT Module 20112
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5. Fuel-Rich Methane Oxidation in a High-Pressure Flow R@ac

with a complete Navier-Stokes simulation in FLUENT for itieal geometrical and
thermal boundary constraints, i.e. a parabolic flow withstant boundary temper-
ature. Figurd 516 shows the respective center-line profilashed line CHEMKIN
CSFR and dotted line FLUENT). It is seen, that the CSFR is aelnt approxima-
tion to the full Navier-Stokes solution for the conditionfdrterest, but the center-line
profiles for the full solution are shifted upstream comparethe CSFR model, while
the gradients themselves do not change. This result cariibrabized as follows: The
fact that the CSFR assumption breaks down close to the vaalkléo the axial shift.
The radical chain branching reactions are thermally it@tlaand these reactions first
occur closest to the walls. Subsequently, diffusive (ralflispecies generated within
the boundary layer can diffuse back upstream, which cabsegrofile shift. The fact
that the profile gradients are conserved reflects that difusansport in the reactor
center, where the flow velocity is higher, is negligible, mplied by the Péclet num-
bers stated above. If diffusion effects were strong one @expect dispersion of the
profile gradients. These observation is analogous to fisdimghe context of simula-
tions of a honeycomb channel in a catalytic combustion sjLas].

Though we have seen that the CSFR model represents an exegifgoximation
to the the full Navier-Stokes solution in an empty tube, ieipected that its short-
comings will become more important when the full reactorrgetyy, including reactor
wall and the second no-slip conditions due to the samplinmilagy, are introduced
into the model, in addition to the diffusion effect. Gengrgbrofile shifts of 5-10 mm
were observed under our conditions, while the profile gratdievere retained.

5.4 Results and Discussion

5.4.1 CH,0O LIF Profile Measurements

Figure[5.Y shows fluorescence spectra upon 355 nm excitaitbrthe optical probe
anchored at different axial positions in the reactor. Thectp were corrected for the
fiber background. Comparison with the reference spectrunichwas taken in the
vapor phase over a formalin solution (dotted line), prosidenfirmation of formalde-
hyde detection. The vibrational bands observed are atitxibio transitions in the CO
stretch and the out-of-plane bending vibrations, desagedt 41, (n, m=0, 1, 2, ...)
with respect to the notation by Clouthier and Ramsay [97}hatsame time a changing
broadband background is noticeable, the origin of whicHdaot be unambiguously
identified but might be attributed to fluorescence of polyaatic hydrocarbons (PAH).
It was shown by Metz et al| [109] and Brackmann et al. [110} tha spectral fea-
tures of CHO fluorescence do not change significantly with temperatumessure.
Therefore, in order to extract the desired concentratiéorination from the spectra a
least-square fitting analysis was applied, in which the expntal spectra(\) were
fitted to the superposition of the scaled reference spect{wnand a third order poly-
nomialps () representing the broadband background,

s(A) = Cr(\) + p3(N). (5.11)
A good match of the fitting procedure is attained, which isval@n the inset of Fig-

ure[5.T . The scaling constafitis taking as a measure for the @Bl concentration and
the resulting LIF profile as function of the fiber tip positimmshown in Figuré518.
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Figure 5.6: Simulated temperature and speciation profiles. The sotiddashed lines
are CHEMKIN CSFR simulation results using the complete dmedreduced Dooley
mechanism respectively; the dotted line is the FLUENT CHBuation also based on
the reduced Dooley mechanism. Conditions correspond to g@Heed ratio of 8,
6 bar pressure, and a total flow rate of 2000 min/min in a tulfidsv reactor with a
constant boundary temperature of 800 K.
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As discussed in Sectidn 5.2.2, the LIF signal is integratest @ finite volume
ahead of the fiber tip. Mathematically speaking the LIF signa convolution of the
CH,0 concentration and the instrumental function of the LIFffip@be. In fact, the
instrumental function was derived analytically above andiven byy(z) (Figure[5.4
(c)). The deconvolution was performed, the resulting peadifl which is presented in
Figure[5.8. As expected, the GB profile is shifted downstream with respect to the
raw LIF data.

As outlined in Sectiof 5.213, validation of the @8l profiles requires correction
for the temperature-dependent Boltzmann fraction andsgatial quenching. An an-
alytic expression was derived for the former whereas theaghpf the latter can in
first approximation be described byray o T~' relation. Rather than correcting
the measured signal, which would in turn require tempeeateasurements and in-
troduce additional statistical or systematic experimiestaors, the simulation results
were corrected so as to yield a computed fluorescence sanafproach proposed by
Connelly et al.|[[111]. In anticipation of the simulation uéts the experimental C}O
LIF profile along with the CHO profile is presented in Figute 5.8. The effect of both
the Boltzmann and quenching correction can be seen. It isdftliat both correction
terms leads to significant shifting and contour change optbéles. However, as will
be seen in the next section, on the global scale of reactdileproeasurements the
effect is of minor importance and certainly not to be helgpoesible for the observed
offset between experimental and numerical data.

5.4.2 Species Profiles

A set of experiments was performed by varying pressure (1 ar§, lkomposition
(CH4/O5 4 - 16) and flow rate (2000 - 4000 piin); the findings were all in qual-
itative agreement so that general features of the reactialdde isolated. Here we
present a representative experiment that was performédaitH,/O, feed ratio of 8
(C/O atom ratio of 4), at 6 bar pressure and a flow rate of 2000miifd. A 10% di-
lution by an Argon/Helium mixture as internal standard foe gas analysis was used,
and the ceramic oven enclosing the reactor tube was set t& 9¥bBe residence time
amounts to roughly 2 seconds.

The outcome of the numerical simulation is depicted in Fdbid, where con-
tour plots of velocity, temperature as well as the inveséigaspecies are shown. The
boundary conditions were defined such that the reactanthiame and oxygen, enter
from the left at uniform temperature and flow velocity. In legtot, the thin solid and
dashed white lines correspond to the 0.099 and 0.09 isalihttee O, mole fraction,
respectively, i.e. 1 and 10% conversion; these lines heligate qualitatively the reac-
tion onset. The following qualitative observation can bedlem&tom the contour plots:
First, it is seen that an annular velocity profile develops tiuthe dual no-slip bound-
ary condition at the wall and the fused silica capillary & tenter. Second, the wall
exhibits an inhomogeneous temperature distribution —ingnigom ~900 to 980 K —
which underlines the importance of heat transport withe@wtlall. Once the exothermic
chemistry has begun, it dominates the heat release in thedtwhthe reactor wall be-
comes a heat sink. Third, it is instructive to observe theebobreaction indicated by
the 0.099 and 0.09 Omole fraction contour lines. Close to the wall, the tempeeat
between the two contour lines is between 910 and 940 K, whexethe center of the

5The entire set of results is going to be presented in a fontmg report by the authors.
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Figure 5.8: Deconvolution of LIF profile and impact of Boltzmann and qcleing
correction on CHO profile.
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reactor oxygen consumption starts at a much lower temperafur30 - 770 K. This
suggests that the reaction first ignites thermally closé¢onall due to external heat-
ing and only then the reaction diffuses radially into thecteacenter. The centerline
temperature profile is therefore not a good benchmark footiset temperature of the
reaction. Fourth, once the,@nole fraction drops below roughly 0.02, then the gradi-
ents for all other species become considerably less stedml@avnstream of that point
the overall composition changes only slightly. Lastly, toacentration profiles for H
and CHO stand out in particular. Thedradients are less pronounced, presumably
due to its high diffusivity. The CHO is unique in that it is clearly a reactive interme-
diate, with a concentration profile confined to a narrow regibpeak oxidation.

The centerline profiles from the two-dimensional distribng are compared with
the experimental data. The simulated profiles and expetahéata are depicted in
Figure[5.10. Globally, we observe the following trends ithbexperiment and simu-
lation: Primary reaction products in order of abundance-y®, CO, H,, and minor
amounts of CQ. Formaldehyde CLD is formed as one of the primary products in
the pre-reaction zone; being a reaction intermediate ®st completely consumed
subsequently. While £H; is produced predominantly by the direct coupling of two
methyl radicals via the trimolecular reaction

2CHz + M — CoHg + M,

C;H, is only a secondary product formed by dehydrogenation 44 Further de-
hydrogenation is minor, and therefore acetylene is fornmag i trace amounts on
the order of~6 -10~°. Though the GC was not calibrated fog €pecies, we estimate
that GHg and GHg were formed in amounts of approximately 0.001 and 0.0003, re
spectively. Consumption of oxygen leads to a slowdown amchterally to an almost
halt of the reaction. It is interesting to note that the exitnposition is far from the
composition predicted by thermodynamic equilibrium. Tlveekic control provided
by the self-induced oxygen exhaustion and the short reseléme yields a mixture
composition in an off-equilibrium state (cf. Taljle.1).

While experiment and simulation are in good agreement, ib¥s of interest to fo-
cus on the discrepancies between the two. It should be nmentithat the temperature
measurements were not corrected for radiation, so the thwraple reading may be bi-
ased by radiation heat exchange with the oven coils. Bueffest is presumably only
important when the gas temperature is low, such as at théoreaatrance. As soon
as exothermic chemistry starts and the temperature risd@minates the temperature
reading of the thermocouple. Generally, the temperaturél@is in fair agreement
with the simulation indicating that the global heat balaisceonserved by the simula-
tion. In the following, we will successively discuss cautiest may contribute to the
guantitative disagreement between the experiments an@lingd The discussion is
based on the following three observations, i. e. differenoe

- reaction onset,

- reaction gradients, and

- absolute concentrations.

The difference ireaction onseis manifested in an axial shift of the profiles, which
is most evident in the shift of the formaldehyde peak conagioh position. It bears
mentioning that this problem is routinely encountered invfleactor measurements
[112]. Although “time-shifting” is an accepted practice eshmodeling flow-reactors
(cf. to Supplementary Material of [112]), we have choserntaalo so so as to highlight
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Molar | Experiment| Simulation| Thermodynamic
fractions Equilibrium
CH, 0.67 0.67 0.46
0O, 0.007 0.008 0
H.O 0.122 0.103 0.001
Ho 0.032 0.046 0.30
CoO 0.049 0.055 0.15
CO, 0.005 0.007 0.0006
CoHg 0.011 0.004 0.0003
CoHy 0.011 0.007 0.0002
CoH, ~6-107° 5.-10°° 2-10°¢
CsHs ~3-107% 8-10°° 5.1077
CsHg ~1-1073 5.10°% 4.10°¢

Table 5.1: Molar fractions at reactor outlet of experiment and simialatn compari-
son to the thermodynamic equilibrium composition at 110@\Kspecies showing an
equilibrium value abové0~° as well as GHg are listed.

the strengths and limitations of the current approach. Tifeis reaction onset could
be attributed to a combination of two possible effects. {i)He simulations, the outer
wall temperature was set equal to the oven temperature widshmeasured in each
experiment. Using the oven temperature as boundary conditi the reactor tube is
naturally an overestimate because the oven coils and tlee e wall are not in ther-
mal equilibrium. The actual boundary condition for the owtall may hence be lower
than assumed. Also, the uniform temperature boundary iondiimposed at the inlet
can only be an approximation to the real inlet distributiarteere one may still find
radial gradients despite the efficient heat-transfer angiied foam. (ii) Radiative heat
transfer was not included in the simulation, though metHeaatures infra-red absorp-
tion bands. Since the inlet gas composition is 80 % methatkative heat transfer
from the oven coils to methane could have a non-negligibidihg effect. In the op-
tically thin approximation, Bhattacharjee and Grosshan{il13] have introduced a
dimensionless quantity (similar to the Reynolds and Péuletber) which compares
radiative and convective heat transport,
oa(Tiy —T%)

wall

Pucp/L (Tout - T;n)

(5.12)

Here, o is the Stefan-Boltzmann constait,is the absorption coefficient of the gas
[114], Twan andT are the wall and gas temperatures, respectiydlythe fluid density,

uw and L are the characteristic velocity and length scale, Bpg— Ti, is the character-
istic fluid temperature gradient. If global characteristales are considered this value
is of order 0.1, but again the dimensional analysis may naofalid locally so that ra-
diative heat transport may still have an influence. Howether,effect is pronounced
only in regions where the fluid temperatdrés much lower than the wall temperature
Twan Such as at the reactor inlet and close to walls where the itgligcvanishing.
Accordingly, it has been observed in accompanying experisthat the disagreement
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of the reaction onset becomes more pronounced the longerotiheeacting thermal
entrance region of the flow is. In these cases the heat baEnmeaccumulates up
to the point of reaction onset and leads to more pronoundatives shifts of experi-
mental and simulated profiles. However, once the ignitiomgierature is reached the
heat generation due to the reaction dominates the energgdsmbnd the temperature
difference between fluid and “radiating” wall is then relaty small, which justifies
comparison of experiment and simulation despite this sbaring of the model.

The simulatedreaction gradientsare steeper than those observed in the experi-
ments. There are three possible explanations: (i) In theraxent, the gas mixture
is sampled over a finite volume. But since the sampling volismeuch smaller than
the observed gradients, this effect can be excluded fromimauihe shallower gradi-
ents. (ii) A second consideration is the modeling of molactdansport within the gas
phase. The present work uses the more computationallybfeasixture-average ap-
proach. Although a more rigorous multi-component modeladohange the gradients,
it is unlikely that this effect would be major. (iii) The tiexplanation for the observed
differences is attributed to the mechanism itself. Sineertechanism reduction did
not show a significant difference in reaction gradients, differences would imply
generally overpredicted rates by the mechanism.

The absolute concentrationsf the major species are in good agreementOHs
somewhat underpredicted and k$ slightly overestimated by the simulation, while
both CO and C@ are slightly overpredicted. However, the discrepancy lier ¢on-
centrations of the £€species is considerably more significant. The primary dogpl
product GHg is underestimated by a factor of three, whileHzZ is underpredicted
by roughly one-third of the experimental value. As was shawSection[5.311, the
deviations resulting from the mechanism reduction weresictamably smaller. Since
ethylene is produced predominantly by the dehydrogenatfoits (underpredicted)
precursor GHg, it is probable that the smaller disagreement eHCis rather a coin-
cidence. It therefore appears thatHg formation might be underestimated, while at
the same time the dehydrogenation channel gfiCto C,H, is overestimated. The
estimated mole fractions fors€l,, C3Hg and GHg are in agreement the simulation
trends. Since the LIF measurements are non-quantitatijadgment on the CKD
concentrations can be made.

5.4.3 Kinetic Discussion

It is of interest to use the mechanism to reveal the undeglkinetic pathways of
methane oxidation at the above conditions. The fundamé&irtatics of methane ox-
idation are well understood, even if as seen above the rafficients are not always
suitably accurate for all conditions. The mechanism by Wwhitethane is oxidized
changes with temperature, and it is commonly divided intove-temperature and a
high-temperature pathway. OCM is unusual in that it is hidilel rich and thus a
combination of oxidation and pyrolysis. The current coiodis correspond to the up-
per limit in temperature of the low-temperature oxidatiegime.

To generate the flux diagram, a plug-flow reactor was perfdrmeCHEMKIN-
PRO, using the experiment’s temperature profile to fix theggnequation. A reaction
path analysis was performed for three positions along thetoe, each position being
representative for a certain temperature regime alongethetion coordinate, i.e. 700,
900 and 1100 K. In the following we provide a qualitative dgsiton for the three
reaction domains; the respective flux diagrams are presémteigure[5.111.
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LIF intensities on the right axis. Conditions correspond ©0H,/O, feed ratio of 8, 6

bar pressure, and a total flow rate of 200Q,fmiin. 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 solidtiythe low-temperature
kinetic regime. The initiation reaction is

CH, + 0, = CH, + HO,’ (R1)

At this temperature, we have the following sequence of ieast

CH; + O, + M = CH;00" + M (R2)
CH,;00" 4+ CH, = CH;00H + CH,’ (R3)
CH,00 + HO, == CH,00H + O, (R4)
CH,00H + M = CH,0" + OH' (R5)
CH,0 + M = CH,0 + H + M (R6)

With these six reactions, a radical pool is establishedisting of H, OH, CHj3",
CH3;0, HOy', and CHOO'. Once the radical pool is established, most methyl is
generated not by R1 but through H-abstraction from meth&anR® and R7-R9:

CH, + OH = CH, + H,0 (R7)
CH, + H = CH, + H, (R8)
CH, + HO,” = CH, + HOOH (R9)

The first six reactions convert GHnto CH, O, which is converted to HCO, which
in turn either decomposes or reacts with oxygen to yield CO:

CH,O + CH;00" — HCO' + CH;00H (R10)
CH,O + CH, — HCO' + CH, (R11)
CH,O + HO,” = HCO' + HOOH (R12)
CH,O + OH — HCO' + H,0 (R13)
CH,O + H — HCO' +H, (R14)

HCO + M &= CO + H + M (R15)
HCO + 0, = CO + HO,’ (R16)

At this point the only stable carbon-containing products@k,O and CO. In Fig-
ure[5.11a, we see that most of the Cisl broken down by OH followed by CH OO,
H', and HQ . Virtually all of the CH;" reacts with oxygen to form C4#0O. The
CH30O0 reacts with CH and with HG,. CH3;O0H decomposes via R5. Eventually
CH;O builds up, which reacts with GO and HG," to form HCO. HCO is mostly
consumed by @ yielding CO.

Another important reaction is:

Even though R16 and R17 are chain propagating, they convestctive radical (Hor
HCO) into a more stable radical (HO, and thus temporarily slow down oxidation.
Additionally, there is also the chain terminating reaction

HO, + HO, == HOOH + O, (R18)
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Reaction R9, R12, and R18 form hydrogen-peroxide, HOOH eQhere is sufficient
HOOH, a new chain-branching reaction becomes competitive:

HOOH + M — OH' + OH' + M (R19)

R19 is quite slow at these temperatures, sg H@rmation generally acts like a radical
sink. The decomposition of methyl-hydroperoxide R5 is th@mrchain branching
reaction. At higher temperatures, however, R19 becomes faster and ultimately
becomes the main chain branching reaction in the reactine.zo

R1-R19 is an abbreviated description of the classical lemvgerature mechanism
for CH, oxidation. Numerous cross reactions have been omitteddatyc(for exam-
ple: some CHO" will abstract H-atoms to form methanol, which has its ownmeabh-
anism, but it is irrelevant for the present conditions).

The reaction zone is characterized by rapigdd@nversion, product build-up, and
a sharp profile for the intermediate @8 at a temperature around 900 K. This tem-
perature is close to the upper limit at which @B is stable, with the equilibrium
constant beginning to shift back in favor of the bimolecu&actants (cf. reaction R2).
Some of the CH' still reacts with Q to form CH; OO, but it is now a minor channel.
The most important sink for CH is the reaction with HQ and to a smaller extent
with Os:

CH; + HO, = CH;0" + OH’ (R20)

CH; + 0, = CH,O0 + OH’ (R21)

After R20, the next most important reaction is R22, the maimpting reaction:
CH; +CH; + M = C,Hg+ M (R22)

Roughly 85% of the Cklgoes through R20, and only10% through R22, thereby
opening up the €channel. The CEOO channel is minor at this point, and the main
chain branching sequence at 700 K (R2-R5) becomes almetvant at 900 K. In-
stead, the formation and decomposition of HOOH — reactidhsRi2, R18, and R19
— is now the main chain branching sequence. The slow buildflffOOH reaches a
tipping point at the start of the reaction front, which leadspontaneous growth in
OH' production, which accelerates both the formation and deomition of CHO.
The rapid increase in CHD decomposition leads to a spike in HC@Imost all of the
HCO reacts with @, which is the main reaction for QOconsumption.

As CHg builds up, it reacts with OH H', CH3', and to a lesser extent HOto
form ethyl. Virtually all of the GH5" reacts with @ to form GH4 + HO, .

Behind the reaction front the temperature has reached alkt68 K. The coupling
reaction R22 becomes the most important sink for; CHbllowed by the reactions
with HO;", and CHO. At this temperature CHDO is not stable; the equilibrium
constant has shifted back to the bimolecular reactantsttenteaction sequence R2-
R5 is inconsequential. Additionally, the increase in terapge now allows for the
oxidation of CO. The reaction of CO with HOand OH releases considerably heat,
creating a positive thermal feedback loop.

CO + HO," = CO, + OH (R23)

CO + OH = CO, + H' (R24)
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Figure 5.11: Flux diagrams for three different positions along the rigactoordinate,

corresponding to temperatures 700, 900 and 1100 K. Withectgp the experiment,

the temperature regimes correspond to the reactor engryetiction zone (defined by

the steepest Pgradient) and the exit of the reactor, respectively. The tolor and

thickness indicate the relative importance of each pathwii the black lines being
the most dominant, followed by blue, red, then orange.

In the G, pathway the only differences are: (i) the build-up eHG causes the thermal
decomposition of gH5 to run in reverse (i.e. H+ CoHy — CoHy), (ii) the onset of
high-molecular weight growth (not shown).

The formation and decomposition of HOOH is still the mainioharanching se-
guence. Even at 1100 K, the temperature is still too low for

H+0,=—0H+0 (R25)

The temperature is high enough that {4 is minor, but it is low enough that R17
dominates R25 (i.e. H+ O, gives HG, instead of OH+ O), so oxidation is still slow
and incomplete.

5.5 Conclusion

We presented kinetic profile measurements and numericallaiions for fuel-rich
methane partial oxidation stoichiometries encounteradéthane oxidative coupling,
the results of which are representative of a set of expetisraerformed under differ-
ent conditions (by varying composition GHD, 4 - 16 and pressure 1 - 8 bar). The
experiment was conducted at a pressure of 6 bar with @@}Hatio of 8 and temper-
atures around 900 K in a versatile flow reactor with spatiad@ang capabilities. Use
of a novel technique for laser-induced fluorescence (LIF¢a®n of CHO using an
optical fiber probe was demonstrated. Full Navier-Stokestic numerical simulation
were performed using a reduced version of the mechanism jepet al. [5], and
the results were compared to the experimental data.

The results show that predictive kinetic modeling of indiastprocesses is still
challenging. Comprehensive and numerically expensivellsitions have to assure
the accurate description of both physical and chemicalgs®es in the reactor. Not
only accurate kinetic mechanisms but also heat and massptreirproperties play an
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important role in the evaluation of the profiles. The ressiiggest that the mechanism
gives qualitatively and quantitatively correct prediagdor the main species. However,

in particular the evolution of the{Species appears to be captured less accurately. As a
systematic difference between experiment and simulatiwas observed that the mole
fraction profiles of GHg and GH,4 are predicted too low.

The findings give interesting insight into the kinetics aéfuich methane oxidation
at the upper limit of the low-temperature kinetic regime amtjcular with respect to £
formation. It is noteworthy that formation of;Gpecies through coupling of methyl
radicals is possible in the pure gas-phase. However, thetsgty observed in the gas-
phase is poor. Under industrial catalytic high-pressuraitins gas-phase reactions
are likely to occur in parallel to heterogeneous reactiohikvmay lead to homoge-
neous-heterogeneous coupling. The inclusion of gas-ptteemistry in modeling is
thus a prerequisite for design of an efficient process.
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Chapter 6

Methane Oxidation over a
Platinum Gauze at¢ = 0.5 and
2.0

This Chapter presents the last set of methane oxidationriexgets that were per-
formed in the profile reactor. The aim is to prove the feajbdf OH radical detec-
tion under over-stoichiometric (excess methane) conitissing the optical-fiber LIF
method. With this intention the reaction was anchored oratimim gauze. Despite
this objective | will give a more general introduction.

6.1 Introduction

Literature contains a large body of works on methane oxadatin platinum catalysts,
ranging from lean combustion with equivalence ratfos< 1 to partial oxidation at
equivalence ratiog up to 101. Different catalyst morphologies and reactor geometries
have been studied, such as stagnation flows| [115, 116], gd@1é&, 16/ 118, 119,
120,13, 121, 122], coated foam and channel monoliths [128,/16/ 124} 125] and
channel-flow reactors [126]. This report summarizes expenis which are closely
related to the works of Davis et al. [119], Heitnes Hofstaale[117] and de Smet et al.
[118,120], which have all studied methane oxidation ovatipim gauzes. Reactions
over gauzes are characterized by the intrinsic short cbtitaes and oxidation over
gauzes is also an industrially relevant process, e.g. Ece¢ ammonia oxidation
[127].

Davis et al. have studied lean methane/air combustion\alguice ratiap = 0.32—
0.52) over a resistively heated platinum gauze at ambiergtspire. In the wake of the
Pt gauze OH radical concentration profiles were measuret) Uaser-induced fluo-
rescence (LIF) spectroscopy, however no other produciepeere analyzed. Both,
Heitnes Hofstad et al. and de Smet et al., performed theieraxents in the partial
oxidation regime ¢ = 4 and3.6 — 10, respectively). Their reactors were externally
heated and the product species composition was analyzkd egdctor outlet. While

*In particular in the combustion community it is common to use théwadence ratiap as a measure for
the feed stoichiometry. It is defined as the £6, feed ratio divided by the stoichiometric GHD, ratio,
so thaty = 1 represents a stoichiometric mixture.
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the former group operated their reactor at ambient presmuediluted the feed gas
with 77% argon, the latter experiments were conducted aatdd pressures (1.3-2.4
bar) and varying dilution of 40-80% helium. In Heitnes Haffs experiments the

platinum gauze was sandwiched between two ceramic mosglithereas in the other
setups the gauze was positioned in the free gas-phase.

In all reports the question was addressed whether homogeaeal heterogeneous
reactions compete and transport-limitation occur. It isn that there are different
regimes for homogeneous-heterogeneous dynamics [41 A43Apart from cases in
which either surface or gas-phase reactions dominates tfzer be cases in which gas-
phase chemistry is sustained by heterogeneous processesnarsely, the surface
represents a sink for radical species thus terminating eh@lgeneous reaction chan-
nel. Davis et al. note that the homogeneous and heterogemeactions appeared to
be spatially decoupled in their lean combustion experismeApart from using high
inert gas dilution, in the reactor from Heitnes Hofstad phase reactions before and
after the gauze are presumably suppressed by radical gagriobhthe monolith. De
Smet et al. state that they used low reactant partial pressoisuppress homogeneous
chemistry and argued that gas-phase reactions can be teegbmrause homogeneous
plug-flow reactor simulations showed very low conversion.

One of the main hindrance in answering the question of homegegs-heterogeneous
dynamics is the lack of experimental techniques to recdweirttrinsic kinetics of the
process. This report presents an approach to attain thedkinformation by measur-
ing species profiles over a platinum gauze. The experimeats wonducted at two
stoichiometries, namely = 0.5 and 2.0, in a dedicated flow reactor|[92]. In this re-
actor, stable product species as well as gas-phase radaralse measured along the
reactor centerline using a sampling technique in comhnatiith a novel fiber-optic
laser-induced fluorescence method allowing detection of&titals|[93].

6.2 Experimental

6.2.1 Sampling Reactor

A sketch of the reactor assembly is depicted in Figuré 6.Je fdlatinum gauze con-
sists of 3600 meshes/@mwith a wire diameter of 4Q:m and is clamped inside the
reactor as shown. The fused silica flow reactor is heated tsleantrical furnace and
operated at a slightly elevated pressure of 1.5 bar. Asdatelif; the sampling capillary
can be traversed along the center of the reactor allowinggaeamixture samples to
be extracted continuously. Positioning of the capillaringsa stepper motor permits
high spatial resolution. The magnification in Figlire 6.dstrates the sampling process
and reveals the fiber-optic probe for OH detection accomteadaside the sampling
capillary. A top-view microscope image of the assembly isvahin Figuref6.R. The
sampling rates are adjusted such that they are considegataifer than the total flow
rate (Vsampy/ Viot ~ 10~%), so that the main flow remains unaffected from the sampling.
Rapid sample extraction and radical removal by collisiomall-quenching |[68] in-
hibit reaction progress inside the sampling capillary asdde ensure unbiased ex situ
sample analysis. The gas composition is analyzed in a massremeter. It is clear
that the gas mixture is sampled over a finite volume which negribrate the spatial
resolution of the measured profiles. In accompanying erpeis another sampling
capillary was used which possesses a small side samplifigeowith a diameter of
100 m (this capillary was also described in the original repaorttloe reactor| [92]).
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Figure 6.1: Experimental setup. The magnification shows the samplipglaey as
well as the optical-fiber probe.

The sampling volume of that probe is of the size of the orifiteéciv was ascertained
by CFD simulations of the sampling process. Since, specidgs taken with either
sampling capillary showed congruent results a spatialuégea on the order of 10@m
is generally assumed for the presented data.

The Pt gauze was prepared and activated in a similar manrdesasibed by de
Smet et al. |[118]. It was first reduced in a flow of 10 % 4 Ar while heating the
reactor up to 700C. Then, the catalyst was activated using aH6/Ox/Ar = 3/2/5
mixture. The actual experiments were conducted with a/Okl mixture diluted in
80 % Argon. The flow rates for the lean (oxygen-rich) condisig.e.¢=0.5, were 120
min/min CH;, 480 min/min Q, and 2400 min/min Ar, while in the fuel-rich case, i.e.
¢ = 2.0, flow rates were 150 min/min GH150 min/min Q, and 1200 mIn/min Ar.
The furnace temperature was controlled at 7G0n both experiments.

6.2.2 Fiber-optic LIF

Gas-phase methane oxidation involves radical chain m#tiUnlike stable reaction
species, radicals are quenched throughout the samplinggs@nd can therefore not
be detected in that way. This common problem can be overcgrirgroducing laser-
spectroscopic methods such as laser-induced fluoresceli®espectroscopy, at the
expense of providing optical access to the system. Howthislis not always possible
in practical systems. On this account a fiber-optic probebleasn developed which is
conveniently accommodated inside the sampling capilleing presented fiber assem-
bly is an advancement of the optical probe reported prelyoie$. [93] or Chapter
[M). 1t consists of a multi-mode fiber (core-diameter 100) for delivering the excita-
tion laser-pulse, while the surrounding light guiding d¢iapy collects the fluorescence
signal (Figurd 6.2). In the former experiments, a singlerfibas used for both, laser
delivery and fluorescence collection. The disadvantagesdfitter excitation-detection
geometry is that the transmission of the laser pulse leadisttonental scattering inter-
ferences and hence low signal-to-background ratios fodé&stred OH fluorescence.
Even tough the overall collection efficiency is smaller foe ihew fiber-capillary as-
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Figure 6.2: Microscope top-view image of the sampling capillary and piodished

optical-fiber probe. The image was taken after use. The dligeneters for the capil-

lary and the optical-fiber probe are 6hth and 323:m, respectively. The optical-fiber

probe consists of the excitation fiber in the center (corendtar 100:m) surrounded
by the collection light-guiding capillary.

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

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

v(z) :/0 Trdgo/ooordr I(w)%:) (6.1)

Figurd6.8 show§)(x) (top) andl (x) (middle), and the resulting instrumental function
~(z) (bottom). Also shown in the plot is experimental data, singrgood agreement
with the analytically determined instrumental functionhi§ experimental data cor-
responds to the scattering signal originating from theiqlemh gauze when the fiber
probe approaches the gauze from the bottom and was acquitieel same experiment
as described hereafter. The analytical instrumental fonavill be applied in what
follows.

A frequency-doubled dye laser (Sirah, Cobra-Strech), wli@umped by the sec-
ond harmonic of a Q-switched Nd:YAG laser (Spectra-Phy$snta-Ray) was used
for excitation. Dye-laser pulses are characterized by aepldngth of~8 ns and a
nominal fundamental linewidth of 0.06 cmh. Pulses of around 0.1 mJ were coupled
into the excitation fiber, the LIF signal was guide on a met&dkage photomultiplier
(Hamamatsu, R9980U) and the voltage was acquired with atbagldwidth digitizer.
Every acquisition constitutes an excitation scan of the G A X2II (0—1) band
head at~281 nm, while detecting the-20 and 1-1 bands (306 - 330 nm). The LIF
signal depends on temperature through the Boltzmann pidquldistribution of the
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Figure 6.3: Irradiance field! (x) normalized by the laser poweér (top), and effec-
tive collection solid angle distributioft(x) (middle) in cylindrical coordinates (radial
coordinatedr and axial coordinated). The excitation fiber has a core diameter of
100 m, while the collection light-guiding capillary has an autgameter of 30Qum.
Both have a numerical aperture NA = 0.22. The bottom graplwshibe instrumental
functionv(z) of the fiber probe, according to Equatidn (6.1). Also showaxgeri-
mental data which shows good agreement to the analyticetlrohined functiony(z)
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rotational states. In order to alleviates the temperatiggendence, the integral area
under each spectrum was defined as the LIF signal. A one-palitiration with re-
spect to the LIF signal was used to assign a OH number densihetsignal. For the
calibration a stoichiometric Bunsen-type flame as desdiiibeeference [93] was used.

6.3 Results and Discussion

6.3.1 Lean Combustion Regimed = 0.5)
Hydroxyl-Radical LIF

Figure[6.4 shows OH excitation scans acquired at differesitions inside the reactor,
more precisely just before and after the Pt gauze as wellgreater distances from the
gauze. It may be anticipated that the linewidth increaséséand after the gauze due
to thermal Doppler broadening. Likewise, it is expected tha rotational population
distribution and thus the line intensities change. Bothuess are seen in the spectra.
At his pressure, due to collisional quenching, the effectivorescence lifetime is on
the order of the excitation pulse length. Therefore it wagaossible to extract a clear
trend of the fluorescence lifetime from the oscilloscopedsa

A broad wavelength scan was performed 4 mm above the gauzdeén i deter-
mine the rotational temperature; the corresponding Batamplot of the rotational
population distribution is shown in Figute 6.5. Despite tlega scattering, the fitted
temperature of 1650 K agrees with the expected equilibremmperature 0f-1600 K
under the assumption that the fluid at the centerline of thetoe does not heat up
considerably before reaching the catalyst gauze.

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

Species Profiles

The species profiles for the experiment performed with arivatgnce ratiop = 0.5
are shown in Figure 8.6. The molar fractions are shown fod#tected stable species,
while the + symbols represent the OH signal measured by L1E.ifistrumental func-
tion v(z) (cf. Equatior6.1l) has been used to deconvolve the OH sigmnkite result-
ing OH number density profile is plotted as solid line. Theateolution effectively
leads to a downstream shift of the OH profile.

It is evident that the reaction is anchored at the gauze (z M@thane is totally
consumed and the major stable products arg &@l water. In proximity to the gauze
~1 % of CO and small amounts ofsHare detected. The OH number density peaks
just above the gauze and subsequently decreases only dlogit/the major reaction
is over. It has to be pointed out that OH is an equilibrium picidof considerable
amount under these conditions which is one of the reasonstuggeadily detected in
combustion environments (cf. FigureI3.4). In fact, the OHildgrium number density
corresponds to-10'5 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 catglyge may be an
artifact of the LIF method. As described above, the LIF sigaaollected from a
finite volume above the optical fiber tip described by therumsental function. When
the fiber approaches the gauze from the bottom, the signligictioh is obscured by
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Figure 6.4: OH LIF excitation spectra of the-81 band-head under lean oxidation con-
ditions. The individual spectra correspond to differergipons in the reactor, namely
before and after the gauze.
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Figure 6.5: Boltzmann plot of rotational line intensit§; corrected for degeneragy

and absorption coefficier;, vs. rotational energjic BJ(J + 1). J is the rotational
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temperature of 1650 K.
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Figure 6.6: Experimental species profiles fgor= 0.5, diluted in 80 % Ar, at 1.5 bar

and a totalflow rate of 3000 min/min. The furnace temperat®00°C. The black

solid line represents the OH number density profile obtafrad deconvolution of the
LIF signal (+ symbols).

the Pt gauze. This effect is obviously not included in theérimaental function and
therefore the deconvolution is strictly valid only above thauze (z> 0). The non-

zero OH concentrations upstream the gauze may indicaterdsemqce of a radical
cloud surrounding the gauze.

Comparison to Simulation

Figure[6.Y shows a comparison of the experimental data to BM¥IN simulation.
The freely propagating flame model was used together witlsfRereaction mecha-
nism [128] optimized for combustion and ignition of mett&nEhe model also solves
the energy equations so that no temperature profile has tmbilpd by the user. The
inlet temperaturel, = 393 K) for the simulation was chosen such that the temperatu
above the gauze matches the temperature acquired withrLtkelplot the simulation
results have been axially shifted to provide overlap of rae¢hat 50% conversion. At
the gauze 4=0) steeper, step-like gradients are observed in the expati indicating
the catalyically assisted conversion at the gauze.

Tt bears mentioning that the mechanism by Dooley et al. [5]ctviias been applied in the simulations
for gas-phase OCM (Chapfdr 5), does not provide a converetian using the same boundary conditions.
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Figure 6.7: Species profiles of experiment (marks) and simulation ging~or the
simulation a freely propagating flame model was used.

6.3.2 Fuel-Rich Regime¢ = 2.0)
Hydroxyl-Radical LIF

Under these conditions hardly any spectral features of Qitidee identified in the LIF
spectra. It appears that OH concentrations are just belewetection limit &1 ppm)
and therefore, no OH profiles could be recorded. SimilargyiBet al. stated that they
were not able to detect OH radicals while maintaining thefrezgiments at equivalence
ratios> 3.4.

Species Profiles

Figure[6.8 shows the species profiles for the experimenbpagd in the fuel-rich
regime, i.e. an equivalence ratip= 2.0. Unfortunately, the data quality is not as
good as in the previous results, but the important aspélitsestome clear. Again the
molar fraction for the detected stable species are showtal Gonversion is achieved
and HO, CO, H, and CQ are the major products in this order. Acetylene is the
primary G, product on the order of 1 %. The reason for the obscure grediemains
unclear. Presumably, the reaction is instable or the Ptagana have been accidentally
displaced while traversing the sampling capillary.

Comparison to Simulation

Using the same numerical model as applied for the lean dondijtthe simulation did
not yield a converged solution. When a reasonable temperptofile is provided, the
simulation predicts merely minor conversion due to purefsse chemistry. Hetero-
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¢=2.0, 80% Ar, 1500 min/min, 1.5 bar
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Figure 6.8: Experimental species profiles for= 2.0, diluted in 80 % Ar, at 1.5 bar
and a total flow rate of 1500 mIn/min. The furnace temperatr®0°C.

geneous kinetics would need to be included in the model ttucaphe experimental
observations.
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Chapter 7

Summary and Conclusions

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

The key-approach is based on species profile measurememtsjimction with ki-
netic numerical simulations. The kinetic profile reactonjet had been developed by
the groupl[92], is used for this purpose. Two methodologisglects are emphasized:
(i) The development of a fiber-optic probe to measure tramsipecies, such as OH
radicals and CHO, using laser-induced fluorescence (LIF) spectroscopyBdsed on
state-of-the-art kinetic mechanisms taken from litemt@appropriate reactor models
and kinetic numerical simulations are employed to intdrfite experimental results
and unravel the underlying chemistry.

Up to now the profile reactor only allowed detection of statgecies. In order to
measure transient species a novel technique was develdget permits LIF mea-
surements through an optical-fiber probe in otherwise aldficnaccessible systems.
Different fiber-optic probe geometries were developed astetd. A single fiber for
excitation as well as collection of the LIF signal was emplyn the experiments pre-
sented in Chaptefs 4 aht 5 for detection of OH and GHespectively. An advanced
fiber probe, consisting of individual excitation and collen channels, was employed
in Chaptefb for measuring OH radicals. Though the collecéfiiciency of the ad-
vanced probe is smaller it features a higher signal-to-tpancknd ratio compared to the
single fiber.

In Chaptef # vibrational Raman thermometry was applied iaiafed flame using
N, as probe molecule. Raman thermometry through an optical fils attempted
but discarded due to the lack of an appropriate marker miender the investigated
conditions.

Oxidative coupling of methane in the gas-phase was invegstibin a high-pressure
flow reactor at a CHO, feed ratio of 8 (Chaptéd 5). Species profiles were measured
and LIF detection of CHO through an optical fiber was demonstrated. Based on the
full set of Navier-Stokes equations CFD simulations in cotion with a detailed ki-
netic mechanism were performed. The agreement of expetrianersimulation for the
primary species was good. However, in particular the eiaiudf the G, species ap-
pears to be captured less accurately by the best state-@frtimechanism. A pathway
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7. Summary and Conclusions

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

In Chapteil’6 methane oxidation over a platinum gauze wasestudThe gauze
serves to anchor the reaction and the intention was to wrdfyeasibility of detecting
OH radicals under over-stoichiometric (excess methanggliions. OH radicals were
readily detected under lean (excess oxygen) conditiors].5). Under this conditions
the temperature is high{,, ~1600 K) and OH is a quasi-equilibrium product appear-
ing mainly in the post-reaction zone. Upstream the gauzeskiperimental profiles
are reproduced by pure gas-phase simulation, while at theegastep-like conversion
occurs due to catalytically assisted chemistry. Under aretfrich conditions with an
equivalence ratio of = 2.0 the temperature is still relatively higliu(, ~1400 K)
which favors higher OH concentrations. However, the cotreions appeared to be
just below the detection limit of the technique X ppm) and therefore detection at
higher methane partial pressures, where OH concentrasimnexpected to be even
lower, is unlikely. Simulations showed merely minor corsien, indicating that gas-
phase chemistry is very slow under this condition and theathpf heterogeneous
chemistry is more pronounced than for the previous case.

As respects the detection of OH radicals, the sensitivitgopfical-fiber) LIF has
been proved to be insufficient to measure species profilesrwahditions common to
chemical synthesis. OH profiles could be recorded only uadeditions in which the
radical is a quasi-equilibrium product. One reason why Otéctéon using LIF could
not be achieved is the fact that at atmospheric and aboveyressa large portion of
fluorescence is lost due to collisional deactivation (agimnately one in a thousand
at atmospheric pressure) which significantly lowers theat&n limit of LIF. Other
(spectroscopic) methods which provide higher sensigigsithay have to be employed
to detect OH and other radical species under methane-riadittans.

Kinetic simulations are an invaluable tool in interpretithge experimental data.
However, reactor modeling with respect to accurate desanipf both physical and
chemical processes is challenging, and computationaldonetraints require a trade-
off between the level of detail of the reactor model and themlexity of the chemical
mechanism. Depending on the conditions a suitable meahdras to be chosen and it
may become necessary to reduce the mechanism to an apprcotiset of species. In
spite of decades of research a universal kinetic mecharasorately describing gas-
phase methane oxidation in all stoichiometric regimes isyeo available. This fact
has to be taken into consideration when coupling the gaseptizemistry to a catalytic
mechanism in a homogeneous-heterogeneous model. In ptpxinthe catalyst, i.e.
within the catalytic boundary-layer, the partial pressumeay be substantially differ-
ent from the bulk gas-phase and hence, the accuracy of theamisen may become
guestionable.
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