Fuel-Rich Methane Oxidation in a High-Pressure Flow Reactor studied by
Optical-Fiber Laser-Induced Fluorescence, Multi-Species Samplingdkddiasurements
and Detailed Kinetic Simulations

Heiner Schwarg Michael Gesk® C. Franklin Goldsmith, Robert Sctidjgl?, Raimund Horf*

aDepartment of Inorganic Chemistry, Fritz Haber Institufettee Max Planck Society, Faradayweg 4-6, 14195 Berlin, Gayn
bBasCat UniCat-BASF Joint Lab, Technische UniversitaiiBeMarchstrae 6, 10587 Berlin, Germany
¢Chemical and Biochemical Engineering, Brown Universitgvidence, Rhode Island 02912, United States of America
dInstitute of Chemical Reaction Engineering, Hamburg Ursitg of Technology, EiRendorfer StraRe 38, 21073 HambBegmany

Abstract

A versatile flow-reactor design is presented that permit$irapecies profile measurements under industrially @ai¢temperatures
and pressures. The reactor combines a capillary samplatpitue with a novel fiber-optic Laser-Induced FluoreseefidF)
method. The gas sampling provides quantitative analysitable species by means of gas chromatography (i.e, G5CO, CQ,
H,O, H,, C,Hes, CoH4), and the fiber-optic probe enables in situ detection ofsieant LIF-active species, demonstrated here for
CH,0. A thorough analysis of the LIF correction terms for the pemature-dependent Boltzmann fraction and collisionehghing
are presented. The laminar flow reactor is modeled by soliagwo-dimensional Navier-Stokes equations in conjamctvith a
detailed kinetic mechanism. Experimental and simulatedilps are compared. The experimental profiles provide mecded
data for the continued validation of the kinetic mechanisitihespect to € and G chemistry; additionally, the results provide
mechanistic insight into the reaction network of fuel-rgas-phase methane oxidation, thus allowing optimizatfahevindustrial
process.

Keywords: Oxidative Coupling of Methane, OCM, High-Pressure Profiga&or, Multi-Species Sampling, Fiber-Optic
Laser-Indcued Fluorescence, LIF, Formaldehyde, CH2O0n @& Kinetics, Elementary Kinetics, Reactor Modeling
Computational Fluid Dynamics, CFD

1. Introduction low selectivity [5, 6, 7, 8]. Although the exact role of oxy-
. ) . gen in the homogeneofeterogeneous mechanism is unclear,
Owing to the predicted depletion of petroleum reserves, th js known that small concentrations of oxygen are necgssar
transformation of natural gas (i.e. methane) into valugead for OCM. If the concentration of oxygen is too high, however,

chemical products is of growing interest for the chemical in v, 6, products will be oxidized, thereby decreasing the yield.
dustry. Conventional approaches rely on indirect conoersi Computational engineering will play a key role in the optia

via synthesis gas production (from steam reforming,, €& tion of the reactor design, catalyst choice, and operatorg c

forming or partial oxidation), followed by a gas-to-liqumo-  jiions, An essential component of this approach includes d
cess, but these multi-step processes are particularlyatapi  (5i1eq models that describe the coupling between fluid mecha
tensive. Therefore, the direct conversion of methane 9-eth g 4 the kinetics of elementary surface and gas phase reac
lene, methanol or formaldehyde is economically more fav@ra  jons The predictive utility of these models depends ugen t
[1.2]. L . . accuracy of the underlying rate d&eients for the elementary

Oxidative Coupling of Methane (OCM) could be a desir- o4q4igns. These kinefianechanisms are often tested against
able direct conversion route in which methane is tranSfdrmeexperimentaldatataken under low-pressurgartighly dilute

into ethylene under fuel-rich conditions (G#, = 2 - 8, or  .,qjitions. A more desirable approach would be to validate t
an equivalence ratig = 4 - 16) at temperatures around 1000 K 1,0 chanisms against data taken under industrially releamt

and pressures up to 30 bar. It has been suggested in theilfeera. jiions  since it requires less extrapolation, but thisrapph
thatthe OCM reaction proceeds via a homogengteisrogeneous,a work only if the flow field and chemistry can be modeled

coupled mechanism [3, 4]. According to this model, methangjn,taneously in a rigorous yet computationalfi@ent man-
is first activated on the catalyst, and the resulting metagitr . This manuscript presents an experimental apparatus de

ical desorb_s. Two gas-phase methyl radicals combine to fo”Eigned precisely for this purpose and the accompanyingikine
ethane, which is subsequently dehydrogenated to ethylane.

fact, OCM can occur even without a catalysts, albeit withyver

IMechanisms of elementary rate constants are commonly refereed'ini-
crokinetic” in the catalysis community, whereas the prefétegm in gas-phase
*Corresponding author chemistry is “detailed kinetics” or “elementary kinetics”.
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simulations. sampling process) that the spatial resolution is on therafle
Gas-phase Oxidative Coupling of Methane was studied irseveral hundreds of microns so that profile gradients are not
a novel, versatile flow reactor designed for spatially restl  limited by the spatial resolution of the technique.
kinetic profile measurements under homogeneous/¢aruet- When probing a reacting gas mixture one has to ensure
alytic) conditions, with temperatures up to 1300 K and pres+tapid quenching of the chemical reaction in order to achieve
sures up to 45 bar [9]. The reactor features a sampling eapill an unbiased measurement at the probing position. This may
through which a small fraction of the reacting gas mixture isbe assured if either (i) the sampling time is short compaoed t
transferred to quantitative gas analytics, e.g. a masdrgpee-  changes in chemical composition (i.e. rapid extraction)if o
ter (MS) or a gas chromatograph (GC). Complementarily, a refii) heat or radical removal by collisional wall-quenching
cently developed fiber-optic Laser-Induced Fluorescehtfe) (  hibits reaction progress. In our experiments, the reatioascale
method [10] was applied for in situ detection of &b whichis  is on the order of 0.1 s while sampling occurs on a slightly
an important intermediate in the oxidation process. Itisttwo shorter timescale, so that the first condition may ndfice to
emphasizing that the reactor does not require optical vaetsp  justify unbiased sampling. However, quenching distandes o
optical access is provided only via the novel fiber-optic LIF~1 mm between silica walls, even when maintained at 1000 K,
probe. This technique is of particular interest for appimmas  are generally sficient to suppress a reaction [11]. Since in
where optical access is limited (e.g. high-pressure reacto  the present experiment the wall distance inside the capiia
internal combustion engines). much smaller£100um) it can be assumed that thanks to wall-
Section 2.1 describes the experimental design of the profilguenching (i.e. by radical recombination) an unbiased aamp
reactor, in particular the sampling process as well as time te sition of the reaction gas is analyzed.
perature and species analysis. Section 2.2 outlines theabpt The sampled gas is transfered to a mass spectrometer for
setup of the fiber-endoscopic LIF method, and Section 2.3 desnline monitoring of the reaction. Additionally, quantite
tails the corrections necessary to derive relative comagoh  detection of the stable gas-phase species is attained bgra mi
measurement from the LIF data, including collisional quenc gas-chromatograph (Varian, model CP-4900). The micro-GC
ing and the temperature-dependance of the exited state popconsists of two columns: a Molsieve 5 A column for the per-
lations. Section 3 describes the reactor modeling using-Conmanent gases He, GHO,, H,, and CO using Ar as carrier, and
putational Fluid Dynamics (CFD) and the required reductiona PPU column for C@as well as the three compounds —
procedure of the kinetic mechanism. In Section 4 the result€,;Hs, C;H4 and GH, — with He as carrier. kD was removed
of experiment and simulation are presented and discussled, f from the gas stream before entering the gas chromatograph wi
lowed by a kinetic description of the elementary reacti@pst a membrane particulateater filter (Genie 170 from A corpo-
ration), since the micro-GC has to be operated below “IDO0

2. Experimental Methods in order to separate He and, HConsequently, water has to be
calculated from the oxygen balance. All gases were caédrat
2.1. Profile Reactor Measurements against the internal standard prior to the experiment. Qn ye

A detailed description of the reactor design is given in [9];another column, €Hg and GHg were detected but these gases
the essential features of the profile reactor are schertigtica were not calibrated. The experimental error originatesniyai
summarized in Figure 1. The flow reactor consists of a cylindr from the mass flow controllers with approximately 2% per gas
cal fused-silica tube of 18 mm inner diameter and 10 mm thickspecies for a typical flow rate used (0.1 % of max. vah@e5 %
walls. It is enclosed by an electrical furnace (not showrhin t of current value). The overall error of the gas-chromatpgra
drawing), the temperature of which is monitored using a-theris better than 1 %. The carbon and hydrogen balances close
mocouple. The gas flow is regulated by calibrated mass-floto more than 95 %, although minor species such as oxygenates
controllers for CH, O,, and AyHe mixture (8 vol-% He in Ar, were not calibrated.
serving as internal standard and carrier gas for the ana)yti

Sampling of the reacting gas mixture is accomplished by2.2. Fiber-Optic LIF Detection of CO
means of a fused-silica capillary (outer diameter G6%. The Formaldehyde (CED) is an important reaction intermedi-
capillary is translated along the reactor axis allowingtoan  ate in hydrocarbon oxidation. In combustion environments i
ous sampling of the reacting gas mixture and thus a determean be observed in the preheating zone upstream the flante fron
nation of the chemical composition as a function of position Under partial oxidation conditions, it is a major internmegdiin
A K-type thermocouple can be inserted in the capillary void,the undesired CO pathway [8, 12], which will also be seen in
additionally providing information about the axial temaere  Section 4.3.
profile. Ana-alumina foam (80 pores per linear inch) provides  In order to quantify CHO concentrations experimentally,
mechanical stability for the sampling capillary and allosfls-  the extracted gas sample has to be heated so tha®@bles not
cient preheating of the gas stream prior to entering thegase = condense along with water in the tubing. However, such hegati
phase region. The sampling ratesl) m}min) are adjusted is not always practical; indeed, the micro-GC used in thjzeex
such that they are considerably smaller than the total flégy ra iments requires water (and in turn @Bl to be removed from
so that (i) the flow remains largely ufiected from the sampling the gas sample before entering the GC. Alternativilysitu
and (ii) the sampling volume remains small. It was verified ex Laser-Induced Fluorescence (LIF) constitutes a sengiie
perimentally and numerically (i.e. by CFD simulations ofth cal technique for CHO detection. Even though this approach
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laser transmission. There are two types of fused-silicadibe
characterized by their OH-content originating from the man
Figure 1: Reactor design. The electrical furnace enclasiageactor is omitted facturing process, C‘?mmF’”'y referred .tO qs h!gh'OH and low-
for clarity. OH. The fiber material’s inherent, fabrication-induced umip
ties and defects may lead to undesired fluorescence, autlitio
Raman bands, color-center formation, and photodegradatio
is rather intricate and involved, it has to be pointed outth&  fects [13, 14, 15, 16]. Stimulated Raman scattering and non-
may also be applicable to species which cannot be extréctive jinear efects become important only for long fibers or higher
sampled (such as radical species). Therefore, in the dontelyger intensities [15]. Low-OH fibers are prone to strongaklro
of this study, the LIF study has to be regarded as a proof-ofhand fluorescence at 355 nm excitation, thereby renderang th
concept for setups in which conventional optical accesss e inappropriate for the current application. High-OH fibensw
cluded. _ better UV-transmission characteristics, and it has beewsh
Recently, we demonstrated the use of a novel techniqugat the back-scattering spectra of high-OH fibers are chera
permitting LIF detection in harsh environments using al&ing jzed by the Raman signature of vitreous fused silica feaguri
bidirectional optical fiber probe [10]. Since the reactoeslo phonon and defect bands at wavenumbet200 cn?, as well
not provide optical view-ports advantage is taken of the facas a dominant peak around 409 nm which is to be attributed
that the sampling capillary may (alternatively to the thefm 5 the Raman band of the OH-groups stretching mode (Raman
couple) accommodate an optical fiber and thus provides opshift ~3700 cmt), see Figure 3 and reference [10]. No spec-
tical access (magnification in Figure 1). Figure 2 shows thqrg| features are observed at longer wavelengths, so tist th

setup adapted for bidirectional coupling of the excital@ser spectral window may be used to detect the,OHluorescence
and fluorescence detection using an optical fiber. Jpuise signal (inset in Figure 3).

of the third harmonic of a Q-switched Nd:YAG laser (Spectra-

Physics, Quanta-Ray PRO) are coupled into the fiber to excite |t js necessary to comment on the spatial resolution of the
the 4, band (i. e. the out-of-plane bending vibration) of the fiper-L IF technique. In the following we present an analgtic
CH0 A'A; « XA transition around 355 nm. The laser expression for the intensity and collectiofiigiency distribu-
line was measured with a grating spectrometer and found gjon at the fiber tip and derive an instrumental function thidt
28183.46+ 0.10 cnm* with a FWHM of 1.8 cmi*. To pre-  pe ysed later in the profile measurements. First, recallahat
vent optical damage of the fiber's end-face a micro-lensyarragyxpression for the number of fluorescence photsigsgener-

(MLA in Figure 2) serves to homogenize the focal beam waistateq upon pulsed laser-excitation in the linear regimeveryi
Fluorescence is excited in the detection volume (DV) atithe t by

of the fiber and emitted isotropically so that a portion isiaga Biol, 7
captured by the fiber. The signal is transmitted by the loagsp Npn =
dichroic mirror (DM) and analyzeq in afiber—coupled'spelu:t{o where for simplicity a two-level system is assumed, Bqglis
eter (SP). Strong Fresnel reflections of the laser-line and | the Einstein coficient of absorption (in Hz 1 s1), 1, is

wavenumber Raman scattering of the fiber are suppressed ta;(e spectral irradiance of the laser (in WhHz 1), 7 is the
an additional GG395 Schott glass filter. Since the CCD cam '

pulse length (in s); the speed of lightn is the number densit
era does not allow fast gating 100 shots are accumulateceon tlg gth (in s P J Y

hip bef di h h | f the probed molecule (in ™), V is the detection volume (in
chip before reading out the spectrum. The average pu SE¥NEr 3 £y is the fraction of molecules in the rovibronic level being
is monitored using a power-meter (P).

excited,Ap1 = 1 is the Einstein ca@icient for spontaneous
Step-index multimode fibers made of fused silica (§iO 21 = 1/7rad P

. . . ) . emission (in st) with radiative lifetimer aq, in s) is the
with fluorine-doped claddings are commercially availalie- (in 5% Trad Terr (In S)

Q
anB A21Teﬁ‘_ (1)
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The integration is performed ov&(x') wherefis = fis(X') de-

— Fiber scattering | notes the surface normal unit vector of the surface elem8nt
——CHOLF || at positionx’ andX := X — X'. The distance vectoX may also
be interpreted as an optical ray from a poihto the surface
_ elementdS(x’) and in the present consideration the surface
3 obviously corresponds to the fiber end-face. Optical rays im
= pinging on the surface at an angle which is greater than the
% critical acceptance angle of the optical filsg are reflected
E and cannot contribute to théfective collection solid angle. In
mathematical terms this condition is expressed in termbef t
angleZ(X, fis(x')), i.e. only if Z(X, As(X')) < 6ua does the sur-
L\A“'ZO 440 460 480 500 520 4 face elementlX’ contribute to the integration. Thus, we may
0 380 400 420 440 460 480 500 520 rewrite Equation (4) as a conditional integral:
Wavelength (nm)
X/X - AsdS
Figuye 3: Backscqttering spectrum of the optical high-QI-erfithue).and QX = (%) X2 : (5)
ex situ CHO laser-induced fluorescence spectrum acquired througfibie R
(green). The strong peak at 409 nm is attributed to the fili@iisstretch Ra- Z(XAs(X)) < ba

man peak {3700 cnTl). The inset clearly shows the characteristicZCHluo-

rescence superimposed on the fiber's Raman feature. Theeadithe 355 nm The result is shown in Figure 4 (b) Quantificationl(»ﬁ) and

laser line is seen while the spectral region up to 405 nm &réitt out by the L ) . . .

dichroic mirror. Q(X) now allows for quantitative determination of thifextive
detection volume and the collectiofffieiencyI" by means of

S _ ) integral (3). In particular, we will need
effective lifetime of the laser excited state accounting fan-no

radiative decay (quenching and predissociation), @nd the ) 2 0 Q(X)
collection solid angle. 7@ = fo d*”j; rdri(®) A

Equation (1) holds for a tierential volumedV and hence ] i ] ] i
the total number of fluorescence photons collected for ain arpWhich serves as the instrumental function for the opticarfib

(6)

trary optical system is found by spatial integration measurements presented hengz) is shown in Figure 4 (c)
and will be used to deconvolute the measured LIF profiles (cf.
ON Section 4.1).
Nph = f dNon = Z gy 2 ection 4.1)

2.3. LIF Corrections
where dNph/0V = Bizl, 7€ N fg A e (Q/4n) is readily The preceding discussion suggests that some comments are
found from Equation (1). For convenience we only consider th j, order on the likelihood of saturatiorffects. From the inten-
irradiancel instead of the spectral quantityin what follows. sity distribution in Figure 4 () it can be seen that the masxm
In a chemically homogeneous environment the only parametes,5|,e for the normalized intensity P amounts to 8 10° m-2.
showing a spatial dependence &%) andQ(x)/4z. Itis conve-  Recalling a per-pulse-powerof roughly 1 mJ10 ns= 0.1 MW
nient to assume cylindrical coordinat&§, ¢, z) so that we can  anq a linewidth of 1.8 crit, the spectral intensity is found to be

define the detectionfiéciency on the order of, = I /Av =8-10f m™2 x 0.1 MW/1.8 cnT! ~
Q%) 10° W/cmPem L. It is thus unlikely that saturation has occurred
r:= f 1(X) e derdrdz (3) inthe present experiment since this value is significatiyelr
\VJ Us

than saturation intensities reported by other authorsJ&J,In
as a quantitative measure for the number of collected plsotorfetrospect, this justifies the linear regime assumptionliedp

for different optical setups. by Equation (1).
Neglecting absorption and saturation in the present deriva ) _ ) _
tion, I(X) and Q(X) follow from purely geometrical consider- In view of making concentration profile measurements, two

ations. This is most conveniently understood by referring t t€rms in Equation (1) need further consideration, namety th
Figure 4. Figure 4 (a) shows the radiation fi¢{d) in cylin- ro-vibrational .B.oltzmann populatlon of the Iager-cogritmder
drical coordinates, which is in a first approximation dedtice ~ State and collisional quenchingfects. Both will be discussed

terms of ar~2 law. The irradiance distributioh() is normal- i the following paragraphs.
ized by the laser powe®, resulting in units m2. On the other The portion of molecules in the lower laser-coupled state
hand the solid angle of an arbitrary surf&seen from a point €an be approximated assuming the molecule ensemble to be
% in space may be defined as in thermodynamic equilibrium, i.e. the population distition
is described by the temperature-dependent Boltzmanridract
X/X - AsdS fs(T). It may be calculated with a statistical mechanical formu-
Q¥ = () X2 : (4)  Iation based on fundamental well-established moleculema

eters. Boltzmann fractions may be evaluated independémtly
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the vibrational and rotational energy modég(T) = fyip frot.
The vibrational partition functiod,, is expressed as a product
over the vibrational energies[19],

3n-6

-1
Zjip = 1_[ (1 - exp%) (7)

i=1

where the product for the planar GH is over the six vibra-
tional normal modes with frequencies, ..., vs [20, 21]. The
population of the vibrational ground state reduces/t;} and

is plotted as a function of temperature in Figure 5 (a). In the
temperature range relevant for this study (600 - 1200 K) &he r
tio of maximum to minimum value fofj, is ~2; this ratio is
also given in parenthesis in the figure and will serve as a mea-
sure for the temperature-sensitivity of thefeient correction
terms. Subsequently, this ratio will be referred to as switgt
factor and will be determined for the rotational populatiamni-
ation as well as the quenching term so that a quantitative com
parison of the terms is possible.

The rotational structure of the formaldehyde molecule is
correctly represented by an asymmetric top. Fortunatedy th
asymmetry is only slight, and therefore in good approxiorati
its energy level structure can be described by a symmetdpal
where an algebraic expression for the rotational statesheay
found. The rotational term values in the rigid rotor appnoai
tion of the prolate symmetrical top are

Eik/hc=BJWJ+1) + (A- B)K? (8)

wherelJ is the total angular momentum quantum numlbseits
component along the molecule’s symmetry aRis; B > C are

the rotational constants afl= 1/2 (B+C) [22, 20]. Due to the
dense structure of the formaldehyde spectrum and thevalati
broad excitation linewidth of the multimode laser, sevénah-
sitions contribute [23]. From the tabulations provided bgh2
and Kistiakowsky it could be established that four transisi

of the pP-branch are excited, and their line intensities are de-
scribed by the i@nl-London formula forL bands [22, 24]

8PP _ J+K-1)J+K)
K J2I+1)

9)

so that the overall absorption intensity is proportionatte
weighted sum of the individual lines

—Eix

Ok eXp—1
fui PP = T KT 10
vib {;} IK Qrot ( )

wheregg is the rotational-nuclear spin statistical weight for the
state{J, K} so that the latter term represents the Boltzmann frac-
tions for the individual rotational states (Figure 5 (b))gain,

the sensitivity-factor of the rotational population terrgtere-
dependence in the relevant temperature range is determmed
the ratio of maximum to minimum value and amounts-»
(again given in parenthesis for each rotational state irfighe
ure). The temperature dependence of the overall absorption
over the relevant temperature range is plotted in Figure)5 (c



We note that both vibration and the rotation contribute com-
parably to the Boltzmann temperature-dependence andithat t
overall sensitivity-factor is roughly 4.

The dfective lifetime of the laser excited state(-manifold)
Ter = (A+ Q)L is related of to the collisional quenching rate
Q. The quenching rat® = >} njojVv; in turn is a function of
compositionn;, the quenching cross-sectiofiand the relative
molecular velocity; = f(T) of all possible collision partners.
Though Harrington and Smyth [17] state that the Boltzmann 0.8
dilution is by far the larger correction term, the body oéfit
ature of fundamental quenching parameters in the apptepria
temperature, pressure and composition space is ratherescar
Several groups [25, 26, 27, 23, 28] have measufisttive flu-
orescence lifetime&y in flames and generally find a monotoni-
cally decreasing lifetime along the reaction coordinasaghly
described by & ! relation. Correction for this féect efec- 04
tively leads to a downstream shift of the measuredGligrofile 600 800 1000 1200
with respect to the LIF signal. In those studies, ratios okma
imum to minimum lifetimes and thus the sensitivity-factor t
this correction term ranges between 2 - 3, while the tempegat "
gradients spanned more than 1000 K accompanied by the dras-
tic composition change characteristic for flames. With eesp
to the present experiment, the temperature gradient islesmal
(~500 K), and also the composition change is moderate due to
the dominating methane content. It may thus be expected that
the lifetime correction term here is on the same order orlgmal
and in first approximation may be described byea o« T2
relation. 2 \

Summing up the preceding section, it is now possible to 1
compare the féect of the two correction terms and it can be 000 800 1000 1200
seen that the overall Boltzmann factor is indeed the largef ¢ () Boltzmann population of rotational statég(T) contributing to the
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Rotational
Boltzmann fraction

tribution compared to the quenching term. The sensitiatye LIF signal
latter can be expected to be smaller than 2 while the Boltaman
correction term sensitivity factor was roughly twice agtar x10~°
While an expression for the Boltzmann variation has been de- 1
rived (Figure 5 (c)), we will assumeag o« T~ for the quench- 10
ing effect; the influence of the correction terms on the measured . o
profiles is discussed in Section 4. *§§ 8
3. Kinetic Reactor Simulations gé z
The challenge in reacting flow simulations is to describe ac- 4
curately the coupled transport and chemistry phenomena. Th 00 00 000 1200
present section discusses two important aspects of thitedieta Temperature (K)
chemical kinetic simulations performed: (i) reduction bét (c) Total absorption intensity as in equation (10)

elementary kinetic mechanism as a prerequisite for computa
tional feasibility, and (ii) comprehensive modeling of tiaw Figure 5: Temperature dependence of the vibrational grotated population

reactor by means of detailed kinetic Computational Fluid Dy fvib (a), the rotational state populatidit (b), and total absorption intensity
namics (CFD) (c). As a measure for the correctioffext the ratio of maximum to minimum

values are given in parenthesis.

3.1. Mechanism Reduction

In a literature review of available detailed kinetic mecha-
nisms for fuel-rich methane oxidation conditions charastie
for OCM - the study will be described in a forthcoming pa-
per by the authors — it was found that the mechanism reported
by Dooley et al. [29] performs most satisfactorily; this eon
clusion is drawn from the comparison of a set of experimental

6



reactor profiles to kinetic simulations. Therefore this heec  a forthcoming manuscript. For simplicity, we have adoptes t
nism was employed in the present investigation. It is a comsensitivity-based method for the remainder of this worke Tt
prehensive kinetic mechanism including,k;, C;, C;and G duced mechanism is appended as Supplemental Material, with
oxidation chemistry. Broadly speaking, it consists of twb-s the diferent species between the two methods highlighted.
mechanisms: a small-molecule mechanisms by Li et al. [30] Using the Cylindrical Shear-Flow Reactor model (CSFR)
for synthesis gas combustion, and a larger mechanismfor Cin CHEMKIN the appropriateness of the mechanism reduction
C, oxidation and pyrolysis by Healy et al. [31]. The depen-was verified. Shown in Figure 6 is the comparison between
dence of many elementary steps on pressure is considered atig complete and the reduced mechanism based on the CSFR
third-body dficiencies of many species are included. center-line profiles (solid and dashed line respectiveljhe
Mechanism reduction is often indispensable in CFD simulaimechanism reduction results in a slight upstream shift ef th
tions of chemically reacting flow. In fact, the commerciallCF profiles, but all species concentrations are reproduceumét
software used in the present work, FLUENT, is hard-coded fominor error. Although the 50-species limit is arbitrarycédn
a maximum of 50 species, and the mechanism by Dooley die stated that the disadvantage of the mechanism redustion i
al. has nearly 300 species. Fortunately, the vast majofity coutweighed by the benefits of the detailed CFD simulations as
those species are irrelevant for fuel-rich methane oxadatin-  will be outlined below.
der conditions relevant to this study, due to the conseeutiv
nature of the reaction. From a chemical perspective, the 5(8.2. Reactor Modeling

species limit is completely arbitrary; nonetheless, ineorth The complete set of steady-state, laminar Navier-Stokes-eq
determine the “50 most important species” for the presestior  tjons was solved using the finite-volume implementatiorhef t
lem, the mechanism was reduced as follows. First, the expefF| UENT software packadewith the CHEMKIN-CFD pack-
imental conditions were simulated using the Plug-Flow Reacage for detailed kinetiés The two-dimensional axisymmetric
tor model (PFR) implemented in CHEMKR\since this model  gsimylation domain comprises the reacting fluid zone as veell a
allows for first-order sensitivity analysis of the specidéwe- e silica reactor walls and the sampling capillary. Thedflui
spect to the rate cdigcients. Sensitivity analysis was performed physical properties of the individual gas-phase speciesalr

for each of the eight target species that were quantitgtivet  ¢jated based on kinetic theory expression, and polynaroial
tected: CH, Oz, Hz, H0, CO, CQ, CHs and GHa. For  efficients for the temperature-dependent thermal condugtivit
each of these species, the reactions were sorted accomling ¢t the fused-silica bodies were taken from the literaturl.[3
the absolute value of the sensitivity ¢helents (in descend-  pjfusion was modeled based on the mixture-averaged approach.
ing order). Next, each species in the mechanism was rankefhe only boundary conditions imposed are the fluid inlet con-
according to its position in the list of sorted reactions; é&-  gitions and the outer wall temperature. Inlet flow propertie
ample, each species in the first reaction was given a score gte assumed constant over the radius, which is experimental
1, and each species in the second reaction was given a scof§sured by the foam at the flow inlet. Note that the sampling
of 2 (assuming that those species were not also in the first réacapillary imposes another no-slip condition in the reacten-
tion). Once this process had been repeated for all targetespe ey, which leads to an annular flow profile. The computational
the scores for all the species in the mechanism were summegomain was meshed using rectangular cells of uniform dimen-
and the 49 species with the lowest scores were retained. Afjons. Throughout the computational process the grid sgaci
was forced to be the 50th species, since it served as intemgt the fluid zone was gradually reduced down to 0.1 mm until no
standard in the experiments but does not occur in any reactiosjgnificant changes in the species contours could be olserve
Another reason for using Ar as 50th species was that all num, the radial direction the fused-silica reactor wall wasstrel
merical rounding errors as well as errors from the mixtuerav \yith 1 mm spacing while the central capillary was radiallpsu
aged difusion treatment were lumped in the Ar mass fraction.qivided into 2 equally sized cells. A steady-state soluti@s
The process was repeated for £8, feed ratios ranging from  gitained with residuals below 10

4, 8 and 16, temperatures at 700 and 1100 K, and pressures The Reynolds numbeRe is on the order of 100 so that
of 1 and 8 bar. An alternative approach is to use the absqyminar flow conditions can be assumed. TleelBt numbers
lute flux through each reaction, rather than its sensitigily o, energy and mass transp@e; = Lu/e andPg = L u/D;
efficient. The process above was repeated using the flux-basgge on the order of 50 and 20, respectively. Hdres the
approach. The two methods were in close agreement regargharacteristic length given by the extension of reactionezo
ing the most important species, with the top 41 species beinglo mm),u the annular flow velocity<0.1 nys), a the thermal
identical. Where the two approachesfeied, the sensitivity- diffusivity (~2-10-°m?/s), andD; represents the fliision coef-
based approach tended to favor smaller oxygenates, wheregsents of species (~5-10°5 m?/s for Hy). The Feclet number
the flux-based approach tended favor larger unsaturatat-hyd gerives from dimensional analysis and compares the convec-
carbons. A detailed comparison of the two reduction method§ye and difusive terms in the energy and species’ mass con-

with other more established mechanism reduction methods igeryation equation. If thed@elet number is substantially greater
beyond the scope of the present work but will be the subject of
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than unity, then it is assumed that axiaftdsion is negligible
compared to convection and may be omitted from the trans-
port equations. Neglecting thefflision term changes the sys-
tem of partial diferential equations from elliptic to parabolic,
which has substantial implications for numerical solutiior

the present problem of chemically reacting flow in a tubes thi
simplification is known as the boundary-layer model [33]d an

it is implemented in CHEMKIN as the Cylindrical Shear-Flow
Model (CSFR)[34]. Using the boundary-layer model has the
advantage that detailed kinetics can be implemented abmeas
able computational costs, whereas full Navier-Stokes kimu
tions with a comprehensive kinetic mechanism easily become
computationally intractable on a workstation.

However, for laminar flow with a parabolic velocity pro-
file, reliance on the &let number can be misleading. Due to
the no-slip condition the localé&let number is smaller than
unity close to the wall. In order to scrutinize the impactuod t
simplifying assumptions made by the CSFR model, CHEM-
KIN CSFR simulations were compared with a complete Navier-
Stokes simulation in FLUENT for identical geometrical and
thermal boundary constraints, i.e. a parabolic flow with-con
stant boundary temperature. Figure 6 shows the respeetitere
line profiles (dashed line CHEMKIN CSFR and dotted line FLU-
ENT). Itis seen, that the CSFR is an excellent approximaton
the full Navier-Stokes solution for the conditions of irgst, but
the center-line profiles for the full solution are shiftedstrpam
compared to the CSFR model, while the gradients themselves
do not change. This result can be rationalized as follows Th
fact that the CSFR assumption breaks down close to the wall
leads to the axial shift. The radical chain branching reacti
are thermally initiated, and these reactions first occusadoto
the walls. Subsequently, filisive (radical) species generated
within the boundary layer can ftlise back upstream, which
causes the profile shift. The fact that the profile gradiergs a
conserved reflects thatftlisive transport in the reactor center,
where the flow velocity is higher, is negligible, as implieg b
the Feclet numbers stated above. Iffdsion dfects were strong
one would expect dispersion of the profile gradients. Thése o
servation is analogous to findings in the context of simarketi
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of a honeycomb channel in a catalytic combustion study [35]. Figure 6: Simulated temperature and speciation profiles. @heand dashed
Though we have seen that the CSFR model represents #nes are CHEMKIN CSFR simulation results using the complete e re-
excellent approximation to the the full Navier-Stokes $ohu duced Dooley mechanism respectively; the dotted line is tHedENT CFD

in an empty tube, it is expected that its shortcomings will be

simulation also based on the reduced Dooley mechanism. Camslitiorre-
spond to a Cl/O, feed ratio of 8, 6 bar pressure, and a total flow rate of

come more important when the full reactor geometry, inelgdi 2000 minmin in a tubular flow reactor with a constant boundary tempeeatu
reactor wall and the second no-slip conditions due to the san»f 800 K.

pling capillary, are introduced into the model, in addittorthe
diffusion dfect. Generally, profile shifts of 5-10 mm were ob-
served under our conditions, while the profile gradientsewer
retained.

4. Resultsand Discussion

4.1. CHO LIF Profile Measurements

Figure 7 shows fluorescence spectra upon 355 nm excita-
tion with the optical probe anchored atfférent axial posi-
tions in the reactor. The spectra were corrected for the fiber
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background. Comparison with the reference spectrum, which
was taken in the vapor phase over a formalin solution (dotted
line), provides confirmation of formaldehyde detection.eTh
vibrational bands observed are attributed to transitionghée

CO stretch and the out-of-plane bending vibrations, dedéagh —hsspecnm
204 (n, m=0, 1, 2, ..) with respect to the notation by ——Background polynomial
Clouthier and Ramsay [20]. At the same time a changing broad-
band background is noticeable, the origin of which could not
be unambiguously identified but might be attributed to flgere
cence of polyaromatic hydrocarbons (PAH). It was shown by
Metz et al. [36] and Brackmann et al. [37] that the spectral

3
&
g
8
8

z=11mm

features of CHO fluorescence do not change significantly with z=21mm
temperature or pressure. Therefore, in order to extracti¢he 2= 21 mm
z= mm

sired concentration information from the spectra a leqaage
fitting analysis was applied, in which the experimental spec
tra s(1) were fitted to the superposition of the scaled reference
spectrunr(d) and a third order polynomigss(2) representing
the broadband background,

““““ Ref. spec.

Intensity (a. u.)

(1) = Cr(2) + ps(A). (11) w0 w0 a0 a0 a0 0 50
Wavelength (nm)
A good match of the fitting procedure is attained, which is
shown in the inset of Figure 7 . The scaling cons@ig taking Figure 7: In situ CHO LIF spectra at dferent axial positions in the reactor.
for th a trati dth Iti LIF An ex situ CHO spectrum is also depicted as reference (dotted line)rlglea
as a measure _Or e _Conc.en ra |0n a,n e re.su |.ng showing the characteristic G vibrational features in the in situ spectra. The
profile as function of the fiber tip position is shown in Fig@e  inlet shows the polynomial fitting of the broadband backgtbuich allows
isolation of the CHO signal.
As discussed in Section 2.2, the LIF signal is integrated ove
a finite volume ahead of the fiber tip. Mathematically spegkin
the LIF signal is a convolution of the GI& concentration and
the instrumental function of the LIF fiber probe. In fact, the
strumental function was derived analytically above andvisry
by y(2) (Figure 4 (c)). The deconvolution was performed, the
resulting profile of which is presented in Figure 8. As expdct
the CHO prdfile is shifted downstream with respect to the raw
LIF data.

s
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7_1'1/‘ ___SlmAnCHO
2

As outlined in Section 2.3, validation of the G8 pro- i — olup .
files requires correction for the temperature-dependettzBo * Exz: deeomol.
mann fraction and collisional quenching. An analytic espre T CHOLF +
sion was derived for the former whereas the impact of theratt
can in first approximation be described byea o« T~ relation.
Rather than correcting the measured signal, which wouldarin t
require temperature measurements and introduce addisiana
tistical or systematic experimental errors, the simutatesults
were corrected so as to yield a computed fluorescence sanal,
approach proposed by Connelly et al. [38]. In anticipatibn o
the simulation results the experimental £&MHLIF profile along . s
with the CHO profile is presented in Figure 8. Théext of T .
both the Boltzmann and quenching correction can be seen. 0 e . . . 700
is found that both correction terms leads to significanttistuf 0 10 2 40 %
and contour change of the profiles. However, as will be seen in
the next SeCtIOI’l., on th.e glo_bal scale of reactor p!’OfI|e measu Figure 8: Deconvolution of LIF profile and impact of Boltzmanmajuenching
ments the ffect is of minor importance and certainly not to be correction on CHO profile.
held responsible for the observeffset between experimental
and numerical data.
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4.2. Species Profiles Molar  Experiment Simulation Thermodynamic

A set of experiments was performed by varying pressure _ractions Equilibrium
(1 - 8 bar), composition (CIO, 4 - 16) and flow rate (2000 CHy 0.67 0.67 0.46
- 4000 m}/min); the findings were all in qualitative agreement O, 0.007 0.008 0
so that general features of the reaction could be isclatéere H20 0.122 0.103 0.001
we present a representative experiment that was perforrited w Ha 0.032 0.046 0.30
a CH,/O, feed ratio of 8 (@O atom ratio of 4), at 6 bar pres- CoO 0.049 0.055 0.15
sure and a flow rate of 2000 giin. A 10% dilution by an CO, 0.005 0.007 0.0006
ArgoryHelium mixture as internal standard for the gas analysis ~ CzHe 0.011 0.004 0.0003
was used, and the ceramic oven enclosing the reactor tube was CzHa 0.011 0.007 0.0002
set to 970 K. The residence time amounts to roughly 2 seconds. C2H: ~6-10° 5-10° 2-10°®
The outcome of the numerical simulation is depicted in Fig- ~ CsHs ~3:10* 8-107° 5.-10°7
ure 9, where contour plots of velocity, temperature as vegthe CsHs ~1-10°3 5.10° 4.10°

inV?Stigated SpeCieS are shown. The boundary conditions WeTable 1: Molar fractions at reactor outlet of experiment aintbgation in com-
defined SUCh_ that the reactants, methane and (_)Xygen’ eoter fr parison to the thermodynamic equilibrium composition at 110@Kspecies
the left at uniform temperature and flow velocity. In eachtplo showing an equilibrium value above Toas well as GHs are listed.

the thin solid and dashed white lines correspond to the 0.099

and 0.09 isolines of the nole fraction, respectively, i.e. 1 and
10% conversion; these lines help indicate qualitativedyrdac-
tion onset. The following qualitative observation can bedma
from the contour plots: First, it is seen that an annular aelo
ity profile develops due to the dual no-slip boundary cooditi
at the wall and the fused silica capillary at the center. 8dco
the wall exhibits an inhomogeneous temperature distobuti 2CHs + M — CoHg + M,

ranging from~900 to 980 K — which underlines the importance

of heat transport within the wall. Once the exothermic chemC2H4 is only a secondary product formed by dehydrogenation
istry has begun, it dominates the heat release in the flow, arff C2He. Further dehydrogenation is minor, and therefore acety-
the reactor wall becomes a heat sink. Third, it is instrectiy  ene is formed only in trace amounts on the order-6f10°°.
observe the onset of reaction indicated by the 0.099 and 0.08hough the GC was not calibrated fog €pecies, we estimate

0, mole fraction contour lines. Close to the wall, the temperathat GHs and GHsg were formed in amounts of approximately
ture between the two contour lines is between 910 and 940 K0-001 and 0.0003, respectively. Consumption of oxygenslead
whereas at the center of the reactor oxygen consumptiats sta© & slowdown and eventually to an almost halt of the reaction
at a much lower temperature of 730 - 770 K. This suggests thdt iS interesting to note that the exit composition is famfrthe

the reaction first ignites thermally close to the wall duextee ~ COMPposition predicted by thermodynamic equilibrium. The k
nal heating and only then the reactiotffdses radially into the Netic control provided by the self-induced oxygen exhamsti
reactor center. The centerline temperature profile is fosge ~and the shortresidence time yields a mixture compositiamin

not a good benchmark for the onset temperature of the reactio®ff-equilibrium state (cf. Table 1). . .
Fourth, once the @mole fraction drops below roughly 0.02, While experiment and simulation are in good agreement, it
then the gradients for all other species become considerabiS Now of interest to focus on the discrepancies betweemibe t
less steep, and downstream of that point the overall composit Should be mentioned that the temperature measuremergs we
tion changes only slightly. Lastly, the concentration pesffor ~ Not corrected for radiation, so the thermocouple reading tea

H, and CHO stand out in particular. Thetjradients are less Piased by radiation heat exchange with the oven coils. Bsit th
pronounced, presumably due to its higfaivity. The CHO  &ffect is presumably only important when the gas temperature
is unique in that it is clearly a reactive intermediate, veitbon- 1S 10w, such as at the reactor entrance. As soon as exother-

centration profile confined to a narrow region of peak oxatati MiC chemistry starts and the temperature rises, it donsrtate
temperature reading of the thermocouple. Generally, the te
The centerline profiles from the two-dimensional distribu-Perature profile is in fair agreement with the simulationeag-
tions are compared with the experimental data. The sinilate"d that the global heat balance is conserved by the sinonlati
profiles and experimental data are depicted in Figure 10b-Glo In the following, we will successively discuss causes thaym
ally, we observe the following trends in both experiment angeontribute to the quantitative disagreement between therex
simulation: Primary reaction products in order of abunganc MeNts and modeling. The discussion is based on the following

are HO, CO, H,, and minor amounts of CO Formaldehyde ~three observations, i. e.ftérences in
- reaction onset,

- reaction gradients, and
5The entire set of experimental results together with a liteeareview of - absolute concentrations.
available detailed kinetic mechanisms is going to be predenta forthcoming The diference inreaction onseis manifested in an axial
report by the authors. shift of the profiles, which is most evident in the shift of the
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CH,O is formed as one of the primary products in the pre-
reaction zone; being a reaction intermediate it is almosi-co
pletely consumed subsequently. WhilgHg is produced pre-
dominantly by the direct coupling of two methyl radicals via
the trimolecular reaction




formaldehyde peak concentration position. It bears mantio the modeling of molecular transport within the gas phasea Th
ing that this problem is routinely encountered in flow reacto present work uses the more computationally feasible mextur
measurements [39]. Although “time-shifting” is an accepte average approach. Although a more rigorous multi-compbnen
practice when modeling flow-reactors (cf. to Supplementarynodel could change the gradients, it is unlikely that tiieat
Material of [39]), we have chosen not to do so so as to highlighwould be major. (iii) The third explanation for the obsenrekfd
the strengths and limitations of the current approach. Tiife s ferences is attributed to the mechanism itself. Since thehare
in reaction onset could be attributed to a combination of twanism reduction did not show a significantférence in reaction
possible &ects. (i) In the simulations, the outer wall tempera- gradients, the diierences would imply generally overpredicted
ture was set equal to the oven temperature which was measuregtes by the mechanism.
in each experiment. Using the oven temperature as boundary Theabsolute concentratiorsf the major species are in good
condition on the reactor tube is naturally an overestimate b agreement. bD is somewhat underpredicted angdisl slightly
cause the oven coils and the outer tube wall are not in themverestimated by the simulation, while both CO and,Ge
mal equilibrium. The actual boundary condition for the oute slightly overpredicted. However, the discrepancy for tha-c
wall may hence be lower than assumed. Also, the uniform temeentrations of the £species is considerably more significant.
perature boundary conditions imposed at the inlet can oaly bThe primary coupling productfEls is underestimated by a fac-
an approximation to the real inlet distributions where oreym tor of three, while GH,4 is underpredicted by roughly one-third
still find radial gradients despite thdfieient heat-transfer in-  of the experimental value. As was shown in Section 3.1, the
side the foam. (ii) Radiative heat transfer was not incluthed deviations resulting from the mechanism reduction were con
the simulation, though methane features infra-red absorpt siderably smaller. Since ethylene is produced predomlpant
bands. Since the inlet gas composition is 80 % methane, rdy the dehydrogenation of its (underpredicted) precursétsC
diative heat transfer from the oven coils to methane cowl@ ha it is probable that the smaller disagreement gHg is rather
a non-negligible heatingfiect. In the optically thin approxi- a coincidence. It therefore appears thaHgformation might
mation, Bhattacharjee and Grosshandler [40] have intediuc be underestimated, while at the same time the dehydrogenati
a dimensionless quantity (similar to the Reynolds agdl€& channel of GHg to C;H, is overestimated. The estimated mole
number) which compares radiative and convective heat-trangractions for GH,, CsHg and GHg are in agreement the simu-
port, lation trends. Since the LIF measurements are non-qutvdita
o-a(T\fVaII -T4 (12) no judgment on the C¥D concentrations can be made.
pUC/L(Tout— Tin) '
Here, o is the Stefan-Boltzmann constaatjs the absorption
codficient of the gas [41]Twan andT are the wall and gas tem-
peratures, respectively, is the fluid densityu andL are the
characteristic velocity and length scale, ahg; — Ti, is the
characteristic fluid temperature gradient. If global chteds-
tic scales are considered this value is of order 0.1, buhapai
dimensional analysis may not be valid locally so that raekat
heat transport may still have an influence. However, thece
is pronounced only in regions where the fluid temperaiuie
much lower than the wall temperatufg,, such as at the reac-
tor inlet and close to walls where the velocity is vanishiAg- S )
cordingly, it has been observed in accompanying experisnenf the low-temperature oxidation regime.
that the disagreement of the reaction onset becomes more pro 10 9enerate the flux diagram, a plug-flow reactor was per-
nounced the longer the non-reacting thermal entrancemagio °'med in CHEMKIN-PRO, using the experiment's tempera-
the flow is. In these cases the heat balance error accumulat&¥® Profile to fix the energy equation. A reaction path analys
up to the point of reaction onset and leads to more pronounceff@s performed for three positions along the reactor, eash po
relative shifts of experimental and simulated profiles. ldoer, 10N P€ing representative for a certain temperature regioreg
once the ignition temperature is reached the heat genedtie (1€ réaction coordinate, i.e. 700, 900 and 1100 K. In theoll
to the reaction dominates the energy balance and the tempefQ9 We provide a qualitative description for the three rieact
ture diference between fluid and “radiating” wall is then rela- domains; the respective flux diagrams are presented in éigur

tively small, which justifies comparison of experiment aimd-s ' ) . . .
ulation despite this shortcoming of the model. At the inlet, the temperature is low (700 K), which is solidly

The simulatedeaction gradientsre steeper than those ob- in the low-temperature kinetic regime. The initiation réacis
s'erve.d.m the expenments. There are threg possible explana CH, + 0, — CH, + HO, (R1)
tions: (i) In the experiment, the gas mixture is sampled aver
finite volume. But since the sampling volume is much smallery; g temperature, we have the following sequence of reac-
than the observed gradients, thieet can be excluded from qq-
causing the shallower gradients. (ii) A second considenas CH; + 0, +M == CH,00 + M (R2)

4.3. Kinetic Discussion

It is of interest to use the mechanism to reveal the underly-
ing kinetic pathways of methane oxidation at the above con-
ditions. The fundamental kinetics of methane oxidation are
well understood, even if as seen above the ratéicients are
not always suitably accurate for all conditions. The mecha-
nism by which methane is oxidized changes with temperature,
and it is commonly divided into a low-temperature and a high-
temperature pathway. OCM is unusual in that it is highly fuel
rich and thus a combination of oxidation and pyrolysis. The
current conditions correspond to the upper limit in tempera
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axis, while the bottom plot includes the experimental (mag) simulated
(dashed line) normalized G LIF intensities on the right axis. Conditions
correspond to a CklO, feed ratio of 8, 6 bar pressure, and a total flow rate of
2000 m},/min. The simulation results are based on the reduced kinetibanec
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Figure 9: Numerical simulation contours of temperature, vglaend major
species’ mole fractions in cylindrical coordinates. The syrmnaxis is at the
bottom, the reactor entry is on the left and the flow directsfnom left to right.
As a guide for the eye the 0.099 and 0.09 isolines of theOlar fraction (i.e.
1 and 10% conversion) is indicated as white lines.

12



CH,;00 + CH, = CH;O0H+ CHy’ (R3)  higher temperatures, however, R19 becomes much faster and
ultimately becomes the main chain branching reaction in the

CH;00 + HO, == CH;00H+ 0O, (R4) .
reaction zone.
CH;O0H+ M == CH,;0 + OH (RS) R1-R19 is an abbreviated description of the classical low-
CH,O +M CH,O+H +M (R6) temperature mechanism for Gldxidation. Numerous cross re-

actions have been omitted for clarity (for example: somg@QH
With these six reactions, a radical pool is establishedisting il abstract H-atoms to form methanol, which has its own-sub
of H', OH, CHg', CH3O', HO,, and CHOO. Once the radi- mechanism, but it is irrelevant for the present conditions)
cal pool is established, most methyl is generated not by R1 bu  The reaction zone is characterized by rapidddnversion,
through H-abstraction from methane via R3 and R7-R9: product build-up, and a sharp profile for the intermediate GH

at a temperature around 900 K. This temperature is closeto th

CH, + OH = CHjy + H,0 (R7) upper limit at which CHOO is stable, with the equilibrium
CH, +H == CH, +H, (R8) constant beginning to shift back in favor of the bimolecukar
' _ actants (cf. reaction R2). Some of the £Htill reacts with Q
CH, + HO, = CH; + HOOH (R9)  to form CHOO, but it is now a minor channel. The most im-

The first six reactions convert GHnto CH,O, which is  Portant s_inkfor CH is the reaction with HQ and to a smaller
converted to HCO, which in turn either decomposes or reactgxtent with Q:

with oxygen to yield CO: CH, + HO, = CH,O + OH (R20)
CH, + 0, = CH,0 + OH (R21)
CH,0 + CH;00 = HCO + CH;O0H (R10) After R20, the next most important reaction is R22, the main
CH,0 + CH, = HCO +CH, (R11)  coupling reaction:
CH,0 + HO, = HCO + HOOH (R12) CHy +CHy + M = CHg + M (R22)
CH,0+ OH = HCO +H,0 (R13) Roughly 85% of the Cklgoes through R20, and oniy10%

, , through R22, thereby opening up the ¢hannel. The CEDO
CHO0+H — HCO +H, (R14) channel is minor at this point, and the main chain branching s
HCO+M = CO+H +M (R15) quence at 700 K (R2-R5) becomes almost irrelevant at 900 K.
. N . Instead, the formation and decomposition of HOOH —reastion
HCO + 0, = CO+HO, (R16) R9, R12, R18, and R19 —is now the main chain branching se-
At this point the only stable carbon-containing products ar quence. The slow build-up of HOOH reaches a tipping point
CH,0O and CO. In Figure 11a, we see that most of the;CH at the start of the reaction front, which leads to spontaseou
is broken down by OH followed by CHOO, H, and HQ".  growth in OH production, which accelerates both the forma-
Virtually all of the CHs' reacts with oxygen to form C#0O.  tion and decomposition of G#. The rapid increase in Gi@
The CHOO reacts with CH and with HG. CH;OOH decom-  decomposition leads to a spike in HC@Imost all of the HCO
poses via R5. Eventually G builds up, which reacts with reacts with @, which is the main reaction for gconsumption.
CH300 and HQ' to form HCO. HCO is mostly consumed As C,Hg builds up, it reacts with OKIH', CHz', and to a

by O,, yielding CO. lesser extent HQ to form ethyl. Virtually all of the GHs re-
Another important reaction is: acts with Q to form GH,4 + HO,'.
H +0,+M = HO, +M (R17) Behind the reaction front the temperature has reached al-

rgost 1100 K. The coupling reaction R22 becomes the most im-
portant sink for CH, followed by the reactions with HQ and
CH,0. At this temperature CDO is not stable; the equilib-
rium constant has shifted back to the bimolecular reactants
the reaction sequence R2-R5 is inconsequential. Additigna
HO, + HO, == HOOH + O, (R18) theincrease in temperature now allows for the oxidation@f C
The reaction of CO with H® and OH releases considerably
Reaction R9, R12, and R18 form hydrogen-peroxide, HOOHheat, creating a positive thermal feedback loop.
Once there is dticient HOOH, a new chain-branching reaction ) )
CO+HO, = CO, + OH (R23)

becomes competitive:
CO+OH = CO,+H (R24)

In the G pathway the only dferences are: (i) the build-up of
R19 is quite slow at these temperatures, sgH@mation gen- C,H,4 causes the thermal decomposition gHg to run in re-
erally acts like a radical sink. The decomposition of methyl verse (i.e. H+ C;H4 — C,H5), (i) the onset of high-molecular
hydroperoxide R5 is the main chain branching reaction. Atweight growth (not shown).
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Even though R16 and R17 are chain propagating, they convert
reactive radical (Hor HCO) into a more stable radical (HQ,
and thus temporarily slow down oxidation. Additionallyetl
is also the chain terminating reaction:

HOOH+M <= OH +OH + M (R19)
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