Available online at www.sciencedirect.com
SGIENCE@DIHEGT’ Combustion
and Flame

www.elsevier.com/locate/combustflame

ELSEVIER Combustion and Flame 141 (2005) 448-468

Gas phase chemistry in catalytic combustion of methane/air
mixtures over platinum at pressures of 1 to 16 bar

Michael Reinke, John MantzargRolf Bombach, Sabine Schenker,
Andreas Inauen

Paul Scherrer Institute, Combustion Research, CH-5232 Villigen PSI, Switzerland
Received 18 November 2004; received in revised form 18 January 2005; accepted 26 January 2005
Available online 14 March 2005

Abstract

The gas-phase combustion of fuel-lean methane/air premixtures over platinum was investigated experimentally
and numerically in a laminar channel-flow catalytic reactor at pressures € pag 16 bar. In situ, spatially
resolved one-dimensional Raman and planar laser induced fluorescence (LIF) measurements over the catalys
boundary layer were used to assess the concentrations of major species and of the OH radical, respectively. Com-
parisons between measured and predicted homogeneous (gaseous) ignition distances have led to the assessme
of the validity of various elementary gas-phase reaction mechanisms. At low temperatures{a0&K 400 K)
and fuel-to-air equivalence ratios.(® < ¢ < 0.50) typical to catalytic combustion systems, there were substantial
differences in the performance of the gaseous reaction mechanisms originating from the relative contribution of the
low- and the high-temperature oxidation routes of methane. Sensitivity analysis has identified the significance of
the chain-branching reaction CHEM = CO+H+M on homogeneous ignition, particularly at lower pressures. It
was additionally shown that C2 chemistry could not be neglected even at the very fuel-lean conditions pertinent to
catalytic combustion systems. A gas-phase reaction mechanism validated &t p kat 6 bar has been extended
to 1 bar< p < 16 bar, thus encompassing all catalytic combustion applications. A reduced gas-phase mechanism
was further derived, which when used in conjunction with a reduced heterogeneous (catalytic) scheme reproduced
the key catalytic and gaseous combustion characteristics of the full hetero/homogeneous reaction schemes.

0 2005 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

Keywords:Homogeneous combustion of methane over platinum; Reduced hetero/homogeneous reaction schemes; Catalytic
combustion of methane; In situ Raman and LIF measurements

1. Introduction atmospheric-pressure household burners and indus-
trial boilers to medium-pressure (up to 6 bar) micro-
The catalytic combustion of natural gas is ac- turbines and, finally, to high-pressure 16 bar) sta-

tively pursued in many practical systems ranging from  tionary gas turbines used for power generation. The
latter employ the low-NQ@ catalytically stabilized

combustion (CST) technologit,2], whereby about

* Corresponding author. Fax: +41-56-3102199. half of the fuel is converted heterogeneously (catalyt-
E-mail addressioannis.mantzaras@psi.ch ically) and the remaining is combusted in a follow-up
(J. Mantzaras). homogeneous (gaseous) burnout zone. The progress
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Nomenclature

b channel half-heighfrig. 1 Wi, W gas-phase species molecular weight, ay-

cp specific heat at constant pressure erage molecular weight

Dim mixture-average species diffusion coeffi-  x, gas-phase species mole fraction

; cient, Eq(7) o N Yk gas-phase species mass fraction

Dy species thermal diffusion coefficient, .y :  streamwise, transverse, and lateral phys-
Eq.(7) _ ical coordinatesFig. 1

h, hy total enthalpy, chemical enthalpy of the
kth gaseous species, Hd) Greek symbols

k reaction rate coefficient r surface site density, E¢6)

K, total number of gaseous species, ). Om surface species coverage, [6)

M total number of surface species, ) 2 thermal conductivity of gas, E¢4)

L channel lengthfrig. 1 viscosity

p pressure ;

R universal gas constant P density . .

S reactor surface, Eq11) Om surface species sm_a occupancy, &).

Sk heterogeneous molar production rate of * _rea_c_tor resndeqce time, E(L1)
kth species, E|(6) r.ig ignition delay time _

T,Tg temperature and reference temperature, ®k homogeneous molar production rate af
Eq.(8) kth species, Eq5)

u, UN  streamwise velocity component, inlet  gypscripts
streamwise velocity

v transverse velocity component IN inlet _
Vi species diffusion velocity vector, E(f) k,m indices for gas-phase and surface species
v reactor volume, Eq11) w wall

w channel widthFig. 1 X,y streamwise and transverse components

in catalytic combustion, particularly in the more de- on the elementary mechanism of Deutschmann et
manding high-pressure systems, is largely dependent al. [6] and valid over the range 1 bar p < 16 bar
on crucial advances in catalyst technology (i.e., devel- was further constructed in Reinke et §]. More
opment of active and thermally stable catalysts) and recently[4], the established experimental methodol-
in multidimensional numerical modeling needed for ogy has been extended to the partial catalytic oxi-
reactor design. Key to the aptness of the numerical dation of fuel-rich CH/air mixtures over rhodium
models is the use of catalytic and of low-temperature at moderate pressures of 4 to 6 bar. Spatially re-
gaseous chemical reaction schemes for methane (the solved measurements of species concentrations were
main constituent of natural gas) that have been vali- also reported over stagnation-flow boundary layers:
dated over the pressure, temperature, and composition Sidwell et al. [8,9] applied micro-probe sampling
ranges relevant to each particular application. to study the atmospheric-pressure catalytic combus-
Appel et al.[3,4] and Reinke et al[5] have re- tion of methane over hexaaluminates and Taylor et
cently introduced the methodology of in situ spa- al. [10] used Raman to investigate the partial oxida-
tially resolved (across the boundary layer of a cat- tion of methane over platinum at very low pressures
alytic channel-flow reactor) Raman measurements of (p =40 mbar).
gas-phase species concentrations as a direct means Notwithstanding the large surface-to-volume ra-
to assess the catalytic reactivity at realistic oper- tios of monolithic honeycomb reactors that favor cat-
ating conditions. The latter worfs] demonstrated alytic fuel conversion, the gaseous reaction pathway
the validity of the heterogeneous reaction scheme cannot always be ignored at elevated press{bgs
of Deutschmann et a[6] for the total oxidation of Proper assessment of the gaseous chemistry neces-
fuel-lean CHy/air mixtures over polycrystalline plat-  sitates experiments near a catalyst surface in order
inum at pressures 4 bat p < 16 bar. In conjunc- to capture the hetero/homogeneous chemistry cou-
tion with earlier atmospheric-pressure studjes], pling. The impact of this coupling on the homoge-
the validity of the aforementioned scheme was as- neous pathway is manifested by the near-wall cat-
certained over the entire pressure range of interest to alytic reactant depletion that inhibits gas-phase com-
practical systems. A reduced catalytic scheme based bustion[11], the formation of heterogeneous products
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(H20, COy) that inhibit or promote gaseous combus-
tion [12-15] and, finally, the adsorption/desorption of
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mogeneous ignition. Computations were carried out
with an elliptic 2-D CFD code that included elemen-

minor radical species that promote/inhibit gas-phase tary catalytic and gaseous reaction schemes and de-

ignition [14,16] For the validation of gaseous re-

tailed transport. The main objectives were to provide

action schemes, a suitable experimental approach is a gaseous scheme valid over the entire range Xbar

to monitor the concentration of a key radical, typ-
ically OH, using laser induced fluorescence (LIF).
Most of the OH LIF studies over noble-metal sur-

p < 16 bar and then a reduced gaseous scheme, which
(when coupled together with the validated heteroge-
neous scheme of Deutschmann et[@].or properly

faces have been performed at subatmospheric pres-reduced catalytic schem¢s]) could reproduce key

sures and only a few gt > 1 bar: the latter were
initiated by thep = 1 bar experiments of Cattolica
and Schefefl17] and were followed by more recent
measurements in the range 1 kap < 16 bar[12,
18-20] It has been further establishg8]13] that the

combination of OH LIF and Raman measurements is
well suited for the validation of gas-phase schemes;

combustion characteristics such as gas-phase ignition
and fuel conversion. Particular objectives were to in-
vestigate the effect of pressure on gaseous combustion
and to elucidate the origin of the differences between
various gas-phase mechanisms.

The experimental techniques and the numerical
model are introduced first. The impact of the catalytic

therein the homogeneous and heterogeneous path-pathway is then elaborated, followed by detailed com-
ways are assessed in parallel, hence eliminating un- parisons between OH LIF measurements and numeri-

certainties originating from the latter that could in-
terfere with the evaluation of the former. Using this

cal predictions that lead to the assessment of the valid-
ity of various gas-phase mechanisms. Sensitivity and

approach, homogeneous ignition studies were car- reaction flux analyses elucidate the differences among

ried out in Appel et al[3] (fuel-lean H/air mix-
tures, p = 1 bar) and Reinke et a[13] (fuel-lean
CHgy/air mixtures, 4 ba p < 16 bar). Reinke et
al. [20] have additionally shown, encompassing ear-
lier atmospheric-pressure studj@g], the validity of
the gas-phase mechanism of Warnatz and M2ak

in catalytic combustion of fuel-lean Gifhir mixtures
for 1 bar< p < 6 bar; at the higher pressure range
6 bar< p < 16 bar, however, the applicability of
the gaseous scheme of Warnatz et[22] has been
demonstrated13]. Both gaseous schemes did not

the gaseous schemes and lead to the construction of
reduced gas-phase mechanisms.
2. Experimental
2.1. Reactor configuration and test conditions
The test rig has been used in earlier stuie20];

therefore, a brief description is provided below. It
consisted of a channel-flow catalytic reactor, which

perform adequately outside their provided pressure formed a liner inside a high-pressure vessel (see
ranges. A unique gas-phase scheme valid over the en- Fig. 1). The reactor comprised two horizontal Si[SiC]

tire range 1 bak p < 16 bar of interest to practical

ceramic plates (300 mm longL}, 110 mm wide,

combustion systems has yet to be reported. Moreover, 9 mm thick, positioned 7 mm aparti{p) and two ver-
there is a clear need for the development of reduced tical quartz glass windows (3 mm thick, 12 mm high,
homogeneous reaction schemes that can be coupledand 300 mm long). The lateral window separation was
to (reduced) heterogeneous schemes for demanding 104 mm @) and the reactor volume was defined by

computations in geometries of practical systems.

the 300x 104 x 7 mn® enclosureFig. 1); optical ac-

The present study undertakes an experimental and cessibility was available from both 3607 mn? reac-

numerical investigation of fuel-lean Giair catalytic

tor sides. The transverse reactor dimensidr) (2as

combustion over Pt. Experiments were performed maintained by four 7-mm-high ceramic spacers af-

in an optically accessible catalytic channel-flow re-

fixed at the ceramic plate corners. The inner surfaces

actor, which was operated under steady and lami- of the Si[SiC] plates were coated with a 2.2-pum-thick
nar conditions. The surface temperatures and pres- Pt layer on top of a nonporous 1.5-um-thicko@ig

sures spanned the ranges 105& K" < 1430 K and
1 bar< p < 16 bar, respectively. The atmospheric
pressure data referred to an earlier study];

layer. Both layers were applied with plasma vapor de-
position (PVD). The thick Pt coating on a nonporous
Al>0Og3 substrate closely resembled a polycrystalline

however, they were reevaluated using new kinetic platinum surface. This was verified with independent
schemes. Emphasis was given on new experiments BET surface area (Kr physisorption) and X-ray pho-

in the transitional—for the scheme of Warnatz et
al. [22]—range 1 bak p < 6 bar (see alsdable J).

toelectron spectroscopy (XPS) surface composition
measurement®]. BET has demonstrated that the to-

One-dimensional Raman measurements provided the tal and active surface areas were the same (02@m
boundary layer profiles of major species and planar catalyst), whereas XPS (carried out before and after

LIF of the OH radical monitored the onset of ho-

the combustion tests) indicated that bulk Al or Si did
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Fig. 1. Schematic of the high-pressure test rig and t

not diffuse to the surface, which was only covered
with Pt.

The surface temperature was monitored with 12
(for each plate) thermocouples placed along.the
streamwise symmetry plan&i¢. 1) and embedded
0.9 mm beneath the catalyst, through 8.1-mm-deep
holes eroded from the outer plate surfaces. Two
adjustable-power resistive heating coils were posi-
tioned 15 mm above each ceramic plate, extending
over 100 mnmg x < 300 mm; the external plate heat-
ing was of the utmost importance in attaining ho-
mogeneous ignition and this has to be contrasted to
earlier pure heterogeneous kinetic studigsthat re-
quired a water-cooling arrangement at the entry in
order to maintain finite-rate surface chemistry. Reg-
ulation of both air and methane flows was achieved
with calibrated Brooks mass-flow controllers, which
yielded equivalence ratio accuracies better thdfb.
Prior to mixing with methane, the air was preheated
by a 3-kW electric heater. Two static Sulzer mix-
ers (type SMV), a 40-mm-long packing of ceramic
spheres, and a 40-mm-long inert ceramic honeycomb
structure straightened the flow and assured uniform
velocity, concentration, and temperature profiles at
the reactor inlet. A thermocouple placed inside one
channel of the inert honeycomb provided the inlet

he catalytic reactor assembly; all distances are in mm.

temperature. The outer Si[SiC] plate surfaces were
insulated with a porous fiber ceramic material and the
reactor was mounted inside an inconel steel support
frame. An insulated exhaust section, made also of in-
conel steel, directed the combustion products toward
a water-cooled outlet of the high-pressure tank.

The high-pressure vessel was a 1.8-m-long and
0.28-m-inside-diameter cylindrical stainless-steel
structure. Two 350-mm-long and 35-mm-thick quartz
glass windows were mounted on the vessel, allowing
optical access from both reactor sides (5ég 1b)
and sustaining pressures up to 20 bar. Streamwise
optical access for the LIF excitation beam (see dis-
cussion in Sectiof.2) was attained via two additional
quartz glass windows: one at the reactor exhaust and
a second, 30-mm-thick high-pressure window, at the
rear flange of the vessdtig. 1a). A continuous flow
of flushing air removed any unwanted combustion
products from the free volume between the vessel and
the reactor assembly.

The laminar flow conditions are provided Tra-
ble 1 The atmospheric-pressure tests of Case 1
were performed in a shorter length reactdr £
250 mm)[12]. To avoid excessive surface tempera-
tures that could endanger the catalyst integrity, the
highest equivalence ratio was setgo= 0.40. The
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Table 1
Experimental conditiorfs

Case p(bar) ¢ UN (m/s) Tin(K) Ren
1 1 031 100 754 170
2 24 040 068 556 473
3 3 036 075 560 640
4 4 036 054 566 599
5 6 036 043 569 717
6 8 036 038 587 797
7 10 Q40 030 572 824
8 12 Q40 062 635 1695
9 14 Q40 053 637 1694

10 16 040 045 643 1606

@ Pressure, equivalence ratio, inlet velocity, temperature,
and Reynolds number.

lowest equivalence ratiap(= 0.31) was determined
by the requirement of attaining homogeneous igni-
tion within the reactor. The Reynolds numbers of
Table 1were based on the uniform inlet properties
and the channel hydraulic diameterX3.1 mm); they
were kept below 2000, even though the strong flow
laminarization induced by the heat transfer from the
hot catalytic plates guaranteed laminar flow condi-
tions at considerably higher incoming Reynolds num-
bers[23].

2.2. Laser diagnostics

The planar LIF and Raman setup is depicted in
Fig. 2 In the former experiment, the 532-nm second
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harmonic radiation of an Nd:YAG pulsed laser (Quan-
tel YG781C20) pumped a tunable dye laser (Quantel
TDL50). The output of the dye laser was frequency-
doubled to provide a 285-nm radiation with a pulse
energy of 0.5 mJ, low enough to avoid saturation
of the A(v = 1) < X (v = 0) transition of the OH
radical. The 285-nm beam was transformed into a
thin laser sheet (using a cylindrical lens telescope
and a 1-mm slit mask) that propagated counterflow
along thex—y symmetry plane of the reactor (see
Figs. 1a and 2 An intensified CCD camera (LaVision
FlameStar 2F, 57& 384 pixels) collected the fluores-
cence of both (1-1) and (0-0) transitions at 308 and
314 nm, respectively, through one pair of reactor and
vessel side windows. A 120 7 mn? section of the
channel was imaged on a 5%634 pixel area of the
CCD; the camera was traversed axially to map the en-
tire channel extent. Given the laminar and steady op-
erating conditions, 400 single-shot LIF images were
averaged to increase the signal-to-noise ratio. Cali-
bration of the LIF was carried out with absorption
measurements, whereby the laser beam crossed the
reactor laterally {) through the side windows, as re-
ported in earlier studigd.2,13,20]

In the spontaneous Raman experiments, the sec-
ond harmonic radiation of the Nd: YAG laser provided
the excitation source. A traversable mirror directed
the 532-nm beam to the Raman or to the dye-laser/LIF
setup Fig. 2). Simultaneous acquisition of Raman
and LIF data was not necessary given the steady
and laminar flow operating conditions. The 532-nm

Fig. 2. Schematic of the Raman and the OH planar laser induced fluorescence (LIF) setup; all focal lengths are in mm.
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beam was focused, through one pair of vessel and
reactor side quartz windows, by aff = 150-mm
cylindrical lens to a~0.3-mm-thick vertical line in-
side the reactorHig. 2). The focal line spanned the
entire 7-mm transverse plate separation. To increase
the light-collection angle and to minimize thermal
beam steering, the focal line was laterally offset from
the x—y symmetry plane = 15 mm) [3,5]. Two

fo = 300-mm spherical lenses collected the Raman-
scattered light and focused it on the entrance slit
of a 25-cm imaging spectrograph (Chromex 250i),
which was equipped with an intensified CCD cam-
era identical to that of the LIF setup; 2000 images
were averaged to improve the signal-to-noise ratio.
The 576x 384 pixel dimension of the CCD camera
corresponded to wavelength and transverse distance,
respectively, and the 7-mm channel gap was resolved
with 250 pixels. The effective Raman cross sections,
which included transmission efficiencies, were eval-
uated by recording the signals of pure & Hir, and
completely burnt gases of known composition. Spec-
troscopic coefficients for the Raman cross section
of CHy and HO were taken from SteingR4] and
Eisenberd25], respectively. For the diatomic species,
theoretical harmonic oscillator Raman cross section
variations were usef@6]. The sending and collecting
optics were mounted on an axially traversable opti-
cal table that allowed Raman measurements over the
extent 155 mm< x < 1635 mm. Raman measure-
ments closer than 0.6 mm to both catalytic walls were
disregarded due to low signal-to-noise ratios. The
250-pixel-long 7-mm transverse distance was binned
to 63 pixels. Details of the Raman and the OH LIF ex-
periments have been provided elsewH&5,12,20]

3. Numerical mode

3.1. Governing equations and boundary conditions
for the 2-D channel model

An elliptic, two-dimensional, steady numerical
model was used to simulate the channel experiments.
The governing equations were as follows.

Continuity equation

ad ad
(pu) (pv) —o 1)
ax ay
Momentum equations
d(puu)  d(pvu) n ap
0x dy ax
ad 5 ou 2 [ou n v
ax | Pox T 3" \ax Ty
a ou  dv
Sl e
y dy  0x
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Jv  du
dy

0.

a(puv)
0x
0

d(pvv) dp ad

dy ay 5[“(5
5 av
ay 3

ou  dv
()]
Energy equation

ay ax @
0 [ &
+ P (p;Ykthk’x — X

Ky
oT
0 Z Yihg Viy — AE) =0.

k=1

)

2
s M

@)

oT

)

d(puh)

0x
ad
y

oy

a(pvh)
dy

d

(4)

Gas phase species equations

d(pvYy) 0

d(puY,
(euty) + + — (Y Vi x)
dy ax ’

0x

N 9
dy
k=1,...,Kg.

(PYVi,y) — o Wi =0,
(5)
Surface species coverage equations

96,
at

Sm
=0m (>

i ©®)

In Egs. (6), only the steady-state solutions were
of interest. Buoyancy was not important for the rel-
atively high Reynolds numbers dfable 1and the
narrow vertical channel gap (7 mm).

The species diffusion velocitiel_éC were computed
using mixture-average diffusion, including thermal
diffusion for the light specief27]:

m=1 ..., M.

Vi = —(Dim/ YO Vi + (DF /0Y4 T)VT. )

Finally, the ideal gas and caloric state laws closed
the system of equations:

T
and &y =h;(T0)+/Cp,de. (8)
To

PR

pP=

The boundary conditions at the gas—wall interfaces
(y =0 andy = 2b) were

(0Y Vi, y)y=0 = Wi (Sk)y=0,

(Y Vi, y)y=2b = Wi (k) y=2p 9)
and

Tx,y=0) =Ty, (x),

T(x,y=2b) =Ty yx), (10)

with Ty 1 (x) and Ty y(x) the thermocouple-mea-
sured temperature distributions of the lower and upper
walls, respectively. No-slip boundary conditions were
employed for both velocity components at the gas—
wall interfaces. Uniform profiles for the inlet temper-
atureTjN (measured), the axial velocityjy (deduced
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from the inlet temperature and the measured mass
flow rates), and the species mass fractions were pro-
vided. Finally,v = 0 and zero-Neumann conditions
for all other scalars were applied at the end of the
computational domainx(= 300 mm). The govern-
ing equations were discretized using a finite volume
approach and solution was obtained iteratively using
a SIMPLER [28] method for the pressure—velocity
field. Details on the solution algorithm have been
provided elsewherfl4,29]. An orthogonal staggered
grid of 350x 120 points (inx and y, respectively)
with finer x spacing toward the entrance angpac-
ing toward the wall was sulfficient to produce a grid-
independent solution.

In addition to the elliptic model, a simpler and
computationally more efficient 2-D parabolic (bound-
ary layer) model was usefB0], with elementary

hetero/homogeneous chemical reaction schemes and

detailed transport. In the presence of homogeneous
combustion, it has been demonstraf8@] that key
parameters controlling the applicability of the par-
abolic model were the magnitude of the incoming ve-
locity (Ujn) and the laminar flame spees|() of the
fresh mixture. Largé/;n and smallS;, suppressed the
upstream diffusion, rendering the parabolic approach
valid. The low S; of the present investigation (due
to the fuel-lean incoming mixtures and the negative
pressure dependenc®, ch, ~ p_0‘5) resulted in
parabolic model predictions accurately reproducing
those of the full elliptic model, at least for > 4 bar.
Therefore, the parabolic model was the preferred nu-
merical tool for computationally intensive sensitivity
analyses.

3.2. ldeal reactor modeling

The kinetic investigation was aided by additional
computations in ideal reactors. The surface perfectly
stirred reactor (SPSR) package of CHEMK[B1]
was used to simulate hetero/homogeneous combus-
tion. The SPSR governing equations were as follows.

Gas-phase species equations

—(1/0) Yk — Yk IN)
+ (/) [ax Wi + (S/V)$ Wi ] =0,
k=1,...,Kq. (11)
Energy equation

K

8
-1/ Z Y N (hg — hi N
k=1
Kg
—(1/p) [Z hicor W
k=1
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Ko+Mj
+(S/V) D S Wi

} —o
k=1
with 7, S, andV the reactor residence time, surface,
and volume, respectively. The surface coverage equa-
tions were provided by Eqg¥6) and the ideal gas
laws by Eqgs(8). In the absence of surface reactions
(s = 0), the model reduced to a perfectly stirred re-
actor (PSR)32]. Finally, the SENKIN packagf33]
computed ignition delay times in a constant-pressure
batch reactor with gas-phase chemistry. The govern-
ing equations were as follows.

Gas-phase species equations

(12)

dyy/dt = (1/p)ax Wy, k=1,...,K,. (13)
Energy equation
Kg
cp(dT/dt) — (1/p) > hycox Wy =0. (14)
k=1

Equations(13) and (14) supplemented by the gas
laws of Egs.(8), were solved subject to proper ini-
tial conditions.

3.3. Chemical kinetics

The elementary heterogeneous scheme of Deutsch-
mann et al[6] (further referred to as Deutschmann)
was used to describe the total oxidation of bver
Pt. This scheme has been validated over the pres-
sure and temperature ranges 4 kap < 16 bar
and 780 K< T < 1250 K [5]; its applicability at
atmospheric pressure has been demonstrated else-
where[6,7]. The scheme consisted of 24 reactions and
11 surface and 9 gaseous species. A reduced catalytic
reaction mechanism was also constructed in Reinke et
al. [5] (13 reactions, 7 surface and 6 gaseous species)
based on the full mechanism of Deutschmann. The
reduced scheme is presentedTable 2and will be
further denoted as Deutschmann-R. A surface site
density of 27 x 10~9 mol/cm? was used in the nu-
merical predictions, simulating a polycrystalline Pt
surface[7,14), as discussed in Sectichl Surface
thermochemical data were taken from Warnatz et
al. [34].

Four different C1/H/O gas-phase mechanisms
were investigated, which included the part of C2
chemistry that led to recombination of C1 radicals
to C2 species. The mechanisms are further denoted
as Warnatz-Maap21] (18 species, 47 reversible and
11 irreversible reactions, including appropriate pres-
sure dependencies for the reactions sCHH =
CHz and CH; + CHz = CyHg), Warnatz et al[22]

(25 species, 81 reversible and 27 irreversible reac-
tions including appropriate pressure dependencies
for the reactions Ckl4+ H = CHy, CH3 + CH3 =
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Table 2
Reduced heterogeneous reaction scifeme

A(y) b E
S1 CHjy + 5Pt(s)— C(s)+ 4H(s) Q01 00 0.0
S2 O + 2Pt(s)— 20(s) 0023 Qo 00
S3 O + 2Pt(s)— 20(s) 49E+12 -0.5 0.0
S4 HyO + Pt(s)— H2O(s) Q75 o]0} 0.0
S5 H(s)+ O(s)= OH(s)+ Pt(s) 10E+13 00 115
S6 OH(sH OH(s)= H>0(s)+ O(s) 10E+13 00 482
S7 C(sH 20(s)— COx(s)+ 2Pt(s) 10E+13 00 628
S8 20(s)> Oo + 2Pt(s) 10E+13 00 2132-60)
S9 HyO(s)— H20 + Pt(s) 10E+13 00 403
S10 CQ(s)— CO, + Pt(s) 10E+13 00 1255
S11 OH-+ Pt(s)— OH(s) 10 0.0 0.0
S12 OH(s)> OH + Pt(s) 10E+13 00 1928
S13 CO+ O(s)+ Pt(s)— COx(s)+ Pt(s) 084 00 0.0

@ The reduced scheme DeutschmanfsRwas based on the full scheme of Deutschmann g6hlReaction rate coefficient
k = ATY exp(—E/RT). Units A (cm-mol-K-s), E (kJ/mol), except in the adsorption reactions S1, S2, S4, S11, and S13,
wherebyA denotes a sticking coefficiept(—). S1 and S13 have a reaction order with respect to Pt(s) of 2.3 and 2, respectively.
S7 and S13 have a reaction order with respect to O(s) of 1 and 0, respectively.

CyHg, and CHOH = CH3 + OH), GRI-3.0[35] (26 excess could, in turn, promote the onset of homoge-
species, 131 reversible and 6 irreversible reactions) neous ignitiorf39] and hence falsify the gas-phase ki-
and Leedg$36] (25 species, 105 reversible reactions). netics. It is emphasized that analytical homogeneous
The species transport properties were calculated from ignition criteria in channel-flow CST have shori ]
the CHEMKIN databasd27]. Each of the mech- that there exist infinite combinations of catalytic and
anisms in Refs[22,35,36] was provided with its gaseous reactivities yielding exactly the same ho-
own thermodynamic data (Warnatz-Md2a%] had the mogeneous ignition distance. Therefore, the Raman
same thermodata as Warn§22)). It is emphasized, data removed any uncertainties associated with the
however, that the discrepancies in the predictions with heterogeneous pathway that could interfere with the
the above schemes (see next section) predominantly evaluation of the gaseous chemistry.
reflected kinetic and not thermodynamic differences; Comparisons between measured and predicted
this was verified by interchanging the thermodynamic  (Deutschmann/Warnatz reaction schemes) transverse
databases of the different mechanisms. profiles of the CH and HO mole fractions are given
Gas-phase and surface reaction rates were evalu-in Fig. 3 at three selected axial positions; for rea-
ated using CHEMKIN[37] and Surface-CHEMKIN  sons of clarity only 28 of the 63 transverse mea-
[38], respectively. A set of hetero/homogeneous surement points are presented. The first two axial
schemes will be further denoted by the assigned positions of Cases 4 and 6 and the first axial posi-
names of its components, for example, Deutschmann/ tion of Case 10Figs. 3a, 3b, 3d, 3e, and Bwere
Warnatz schemes. Finally, the prefixes S and R will |ocated far upstream of the homogeneous ignition po-
denote a surface and a gaseous reaction, respectively.sition (measured or predicted using any of the four
gaseous schemes, as will be discussed in the forth-
comingFigs. 5 and § Therefore, the computations

4. Resultsand discussion in Figs. 3a, 3b, 3d, 3e, and 3gere unaffected by
the inclusion of (any) gaseous reaction scheme and
4.1. Heterogeneous combustion reflected solely the contribution of the catalytic path-

way. The very good agreement between measure-

An assessment of the catalytic processes pre- ments and predictions in the aforesaid axial positions
ceding the onset of homogeneous ignition is neces- demonstrated that the catalytic scheme realistically
sary before an evaluation of the gaseous schemes reproduced the underlying heterogeneous processes
can be undertaken. Even though the scheme of over the pressure and temperature range of this study.
Deutschmanij6] has been validated over the range These processes were, in turn, crucial in determin-
1 bar< p < 16 bar, the relatively high surface tem- ing the amount of fuel available for the follow-up
peratures required to achieve homogeneous ignition homogeneous combustion. Typical measured axial
could possibly deactivate (totally or partially) the cat- temperature profiles are provided kig. 4. The up-
alyst, leading to a near-wall fuel excess. Such fuel per and lower temperature profiles differed by as
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Fig. 3. Raman-measured (symbols) and numerically pre- for five selected cases dfable 1 Solid symbols, upper
dicted (lines) transverse profiles of species mole fractions plate temperatures; open symbols, lower plate temperatures

for three cases dfable T CH4 (circles, solid lines); HO (Case 1, circles; Case 4, lower triangles; Case 6, squares;
(triangles, dashed-lines). The corresponding axial positions Case 9, diamonds; Case 10, upper triangles). Fkel bar

are: (a, d, gix = 155 mm, (b, e, h)x =535 mm, (c, f) case refers to earlier experiments in a 250-mm-long reac-
x =1135 mm, and (i)x = 93.5 mm. All predictions refer to tor [12]. Lines fitted through the measurements are also pro-
the Deutschmann/Warnatz schemes. vided.

. . walls. Those issues will be elaborated in Sectiéris
much as 40 K, leading only to a slight asymmetry and4.5.

in the Raman profiles dfig. 3. This was due to the
nearly mass-transport-limited catalytic conversion of 4 5 Homogeneous ignition
methane, which rendered the catalytic processes in-
sensitive to small surface temperature variations. The Comparisons between LIF-measured and numer-
mass-transport-limited operation was manifested by jca|ly predicted distributions of the OH radical are
the very low predicted Clllevels near both walls illustrated inFig. 5(p < 4 bar) andFig. 6(p > 6 bar).
(seeFigs. 3a, 3b, 3d, 3e, and Bdrhis behavior was  The heterogeneous scheme of Deutschnighmvas
also attested in the Raman measurements, despite thesed in all predictions. In the lower pressure flames
near-wall experimental limitations. The Raman data qf Fig. 5 computations with all four gaseous schemes
of H,O complemented those of the limiting reactant \yere provided. In the higher pressure flames of
(CHg) since the production of the former was directly Fig. 6, predictions with the scheme of Warnatz-
linked to the depletion of the latter: the near-wall Maas[Z]_] were not included since the inapp"cab”_
zones were characterized by low gBnd high O ity of this scheme has been already established at
concentrations, whereas at the channel core the trend j, = 6 bar[20]. The stability of the ensuing V-shaped
was reversed. This was particularly useful for the flames ofFigs. 5 and Gvas excellent, allowing for de-
quantitative data assessment: the accuracy of the Ra- tailed measurements over extended times. The flames
man measurements was as goodt#$o for species of Figs. 5 and @&xhibited a slight-to-moderate asym-
with volumetric compositions around 10%, dropping metry depending on the temperature differences be-
to £15% for compositions as low as 0.5%. tween the two catalytic wallsF{g. 4). Given the
The contribution of the gaseous pathway was non- particular sensitivity of homogeneous ignition on
negligible inFigs. 3c, 3f, and 3teven though they the wall temperaturg11,40] the asymmetries in
pertained to axial positions upstream of the homo- the flames ofFigs. 5 and 6wvere more pronounced
geneous ignition point. The profiles Fig. 3 were compared to those of the species transverse profiles
downstream the homogeneous ignition location and (Fig. 3.
were greatly affected by the gaseous pathway, as man-  The location of homogeneous ignitiang), shown
ifested by the lack of Cllin extended zones near both ~ with the green arrows irfrigs. 5 and 6was deter-
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Fig. 5. Measured and predicted distributions of the OH radical for Cases 1, 2, antadlefl(p < 4 bar). (a) OH LIF mea-
surements and (b—e) numerical predictions with: (b) Deutschmann/Warnatz-Mass schemes, (c) Deutschmann/Warnatz scheme
(d) Deutschmann/GRI-3.0 schemes, and (e) Deutschmann/Leeds schemes. The green arrows define the onset of homog
neous ignition. The color bars provide the OH levels (ppmv) for the experiments and the Deutschmann/Warnatz-Maas and
Deutschmann/Warnatz predictions.

mined by the intersection with the wall of a straight tance fig) was directly related to their aptness in

line fitted through the longer flame tail (i.e., the tail correctly predicting ignition delay times; there was,

pertaining to the hotter wall). This definition was con- nonetheless, the added complexity of the heteroge-
sistent with the sharp rise of OH along the reactor, as neous pathway (presence of catalytically produced
seen in the computed streamwise profiledaf. 7. major products and radical species in the induction
Fig. 7 provides the averaged (over the 7-mm trans- zone). On the other hand, the postignition behavior
verse distance) axial profiles of GHCO, and OH of the gaseous schemes was linked to their ability

mole fractions as well as the fractional gldonver- to capture flame propagation characteristics (i.e., the
sion for three cases dfable 1 In the simulations of sweep angle of the established flames). In catalytic
Fig. 7a the gaseous scheme of Warnatz-Maa$was combustion applications, the former requirement was
used, while in the higher pressure cases-igfs. 7b far more important than the latter. Homogeneous igni-

and 7cthe scheme of Warnaf22] was employed. As tion is considered detrimental to the catalyst integrity
seen inFig. 7, the position of homogeneous ignition  as it can cause catalyst meltdown. Hence, a numer-
(xig) coincided with the sharp rise of the OH radical. ical model used in reactor design should be able to
The lower pressure flameg&ig. 5 had the highest predict, for safety reasons, the likelihood of such an
absolute OH levels with their peak values relaxing event. Both distinct flame characteristics (ignition de-
rapidly in the postflame zones. The higher pressure lay and flame propagation) could be assessed by pla-
flames Fig. 6) had lower absolute OH levels that nar OH LIF. Planar OH LIF alone could also provide
were, however, maintained over a longer postflame indirect information on the validity of the catalytic
extent. The reason was the lower superequilibrium reaction scheme: the postignition flame characteris-
OH concentrations in the higher pressure flames due tics (flame sweep angle and absolute OH levels) bear
to the increased importance of three-body radical re- the direct impact of the amount of fuel converted cat-
combination reactions. alytically prior to homogeneous ignition. Therefore,
The capacity of the various gaseous reaction in cases where the propagation characteristics of the
schemes to capture the homogeneous ignition dis- gaseous scheme were already established, OH LIF
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Fig. 6. Measured and predicted distributions of the OH radical for Cases 5, 6, 9, andTablef1(6 bar< p < 16 bar).

(a) OH LIF measurements and (b—d) numerical predictions with: (b) Deutschmann/Warnatz schemes, (¢) Deutschmann/GRI-3.0
schemes, and (d) Deutschmann/Leeds schemes. The green arrows define the onset of homogeneous ignition. The color bar:
provide the OH levels (ppmv) for both the experiments and the Deutschmann/Warnatz predictions.

could be used for the validation of combined het- an appreciable overprediction afy, as discussed
ero/homogeneous reaction schemes (as in Dogwiler in Reinke et al[20]. Thus, the scheme of Warnatz-
et al.[12]). Alternately, the Raman data alone could Maas [21] was suitable only for medium pressure
serve this purpose. For example, the Raman data of systems (e.g., micro-turbines). In the higher pressure
Fig. 3 (located downstream the measured onset of ho- range 6 bak p < 16 bar, the Deutschmann/Warnatz
mogeneous ignitionyjg = 80 mm) showed a strong  schemes provided very good agreement to the mea-
methane depletion in the near-wall zones that was in- sured xjg (by 9-15%) as well as to flame shapes
dicative of gaseous combustion. Successive Raman (Fig. 6). Over the pressure range 1 barp < 4 bar,
species profiles could thus determine homogeneous however, the Deutschmann/Warnatz schemes resulted
ignition, albeit with a reduced accuracy compared to in a significant underprediction ofy (by 22-40%).
the planar OH LIF due to their discrete axial resolu- Finally, GRI-3.0[35] and Leedg36] provided much
tion. more pronounced underpredictions gf (by 43—
Comparisons between measured and predicted 80%) at all pressures={gs. 5 and § Both GRI-3.0
homogeneous ignition characteristics are presented and Leeds gave similar predictions, the former yield-
next. Having established in Sectidnl the applica- ing somewhat largerijg underpredictions ap > 6
bility of the catalytic scheme of Deutschmafsl, and the latter ap < 4 bar.
Figs. 5 and 6provided direct validation for the
gaseous mechanisms. The Deutschmann/Warnatz-4.3. Comparisons between different gaseous
Maas schemes captured well the measured flame reaction mechanisms
shapes and the OH levels over the pressure range
1 bar< p < 4 bar Fig. 5. In addition, they under- The origin of the differences between the gaseous
predicted the measuregy at p = 1 bar and 2.4 bar reaction schemes is elaborated next. A first under-
by only 2 and 5%, respectively, and overpredicted standing of those differences is obtained with a com-
mildly (by 11%) the measureglg at p = 4 bar. At parison of ignition delay times, which were com-
p > 6 bar, however, the above schemes resulted in puted at fixed pressures and temperatures using the
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SENKIN packagg33]. The fixed temperature mim-
icked the presence of the heterogeneous pathway,
which supplied heat to the flowing gas through the
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Fig. 7. Computed streamwise profiles of the averaged (over
the transverse distance) mole fractions of/gsblid lines),

OH (dashed-dotted lines), and CO (dotted lines) for three
cases ofTable 1 Streamwise profiles of the fractional
CHy conversions (due to both catalytic and gaseous path-
ways) are shown in dashed lines. The predictions refer to:
(a) the Deutschmann/Warnatz-Mass schemes, and (b, c) the
Deutschmann/Warnatz schemes. The arrows indicate the
computed position of homogeneous ignitiafy].
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hot catalytic walls. Predicted gas-phase ignition de-
lay timestig (from the solution of Eqs(13), defined

as the times corresponding to 50% methane conver-
sion) versusp are presented ifrig. 8 for the four
schemes under investigation. Equivalence ratios as
low as 0.05 were examined: such low values were
relevant to practical systems due to the significant cat-
alytic fuel conversion preceding the onset of homoge-
neous ignition. For example, the fractional conversion
plots ofFigs. 7a, 7b, and 7idustrated that at the posi-
tion of homogeneous ignitionx{g) the fractional CH
conversion was 80, 72, and 46%, respectively. Shock-
tube experiment$41] have further established that
methane self-inhibited its ignition over the parameter
range 1250 K< T < 2000 K, 3 ba p < 15 bar, and
0.45 < ¢ < 1.2: the ignition delay times correlated
astig o [CH4]%, the exponent being always posi-
tive (@ &~ 0.33[41]). However, the ranges relevant to
catalytic combustion were 900 ¥ T < 1400 K and

¢ < 0.5. A qualitative assessment of ignition char-
acteristics is carried out with the aid 6fg. 8 It is
shown next that one important factor influencing the
performance of the schemes is the extenpafver
which the self-inhibited ignition behavior of methane
was maintained.

At p =1 bar, GRI-3.0 yielded always a self-
inhibited ignition for allT and ¢, as manifested by
the positive slopes in the log—log plotskify. 8a. The
same behavior was also attested at 6 Bax(1100 K,
¢ > 0.05) and 16 barT > 1300 K, ¢ > 0.1). The
exponentx in GRI-3.0 ranged from 0.35-0.4% =
1 bar, 7 > 1100 K) to 0.25-0.38{ = 6 bar, T >
1100 K) and to 0.20-0.25(= 16 bar,T > 1300 K).
This resulted in a rapid and unrealistic acceleration

4 3
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r8bar | o () 16 ar
s T/=900K J3x10%7
2x10 1034
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Fig. 8. Ignition delay times of Clfair mixtures at fixed pressures and temperatures calculated using four gas-phase mechanisms.

Three pressures are presented with four temperatures for ea

ch pressure. Solid lines, [@&rrdaghed lines, GRI-3.[B5];

dotted lines, Leedf86]; dashed double-dotted lines, Warnatz-Mgq.
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of the gaseous reactivity at ultralow, which was
consistent with the significantjy underpredictions
of GRI-3.0 in the channelFigs. 5 and & Only at
very low ¢ (¢ < 0.025 atp =1 bar, not shown in
Fig. 8 the exponentr turned to negative, providing

a decline of the gaseous reactivity with decreaging

A similar trend was observed with the Warnatz-Maas
scheme, although the inhibition was moderate as il-
lustrated by the generally smaller positive slopes of
Fig. 8 At p =1 bar, the exponent decreased with
increasing temperature, from0.43 (' = 900 K) to
~0.16 (' = 1400 K); atp = 6 and 16 bar and for

T > 1100 K, the scheme exhibited an almost neutral
behavior (0.04 < « < 0.08). In contrast to GRI-3.0
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Fig. 9. Sensitivity analysis on the homogeneous ignition dis-
tancexig for the gaseous scheme of Warn{22]. The 10

and Warnatz-Maas schemes, the scheme of Warnatz most sensitive reactions affecting homogeneous ignition are

displayed self-inhibited ignition gt = 1 bar only for

T > 1300 K andg greater than a minimum value
that decreased with increasing temperature. At higher
pressures (6 and 16 bar) the trends were maintained,
with the difference that the turnover from promotion
(a < 0) to inhibition @ > 0) occurred at higher.
Over the regimes g with self-inhibited ignition and

for T = 1400 K, the scheme of Warnatz yielded expo-
nentse ranging from 0.35 to 0.25, in basic agreement
with shock-tube measuremerl]. The good per-
formance of Warnatz’ scheme in the comparisons of
Fig. 6 suggested that it captured correctly thel'-¢
parameter ranges of the self-inhibited ignition behav-
ior of methane afp > 6 bar. The scheme of Leeds
showed the same trends with the scheme of Warnatz
at p = 1 bar, although the self-inhibition was main-
tained always at lowep for 7 > 1100 K. Atp =6

and 16 bar, on the other hand, Leeds gave trends
similar to those of GRI-3.0. Finally, the discrepan-
cies of Fig. 8 were predominantly kinetic: when in-
terchanging the thermodynamic database of a given
mechanism with the databases of the other mecha-
nisms, the ignition delay predictions were altered by
less than 12%.

The ignition characteristics were further investi-
gated systematically using reaction flux and sensi-
tivity analyses (SA). An SA of the gaseous chem-
istry on the homogeneous ignition distaneg is
provided inFig. 9 for the scheme of Warnatz. The
preexponentials of all gaseous reactions were mul-
tiplied/divided by a factor of 2 and thejg in the
channel were computed anew, while keeping the het-

shown for Case 1 (1 bar) and Case 10 (16 bar); the gray bars
indicate division and black bars multiplication of the reac-
tion preexponentials. The numbering of reactions is the same
as inTable 4

and H+ Oz + M = HO; + M (R3). A similar SA for
the GRI-3.0, Warnatz-Maas, and Leeds schemes re-
vealed the same group of important reactions in the
H/O subset. Exchanging the full H/O subset in the
schemes of GRI-3.0 and Leeds (Warnatz-Maas and
Warnatz had nearly identical H/O subsets) with the
one of Warnatz shifted the onset of homogeneous ig-
nition in Figs. 5 and Garther downstream by 20 and
~15%, respectively, improving somewhat the agree-
ment with the LIF experiments. The same trends were
also observed qualitatively in ignition delay compu-
tations under constani and 7. The differences in
the H/O subset stemmed from the radical recombina-
tion reaction HQ + OH = H0 + O» (R2): over the
temperature range 900 K 7 < 1400 K, the R2 rate
coefficient in Warnatz’ scheme was3.0 and~1.5
times larger compared to that of GRI-3.0 and Leeds,
respectively.

A carbon reaction flux analysis is presented in
Fig. 10for p =1 and 16 bar using a PSR moda2]
and the scheme of Warnatz. Flux analyses at dis-
crete axial positions in the channel reactor provided
also the same set of important reaction pathways with
those ofFig. 10 The fuel depletion was initiated by
CHy4 + OH = CH3 + H>0 (R6). The main route for
CHg consumption was the formation of formaldehyde
CHz + Oy — CH2O + OH (R4), which was mainly a

erogeneous scheme of Deutschmann unaltered. The low-temperature pathwg#2]. The high-temperature

10 most sensitive reactions affecting homogeneous
ignition are shown irFig. 9 for Case 1 (1 bar) and
Case 10 (16 bar). Supplementary SA at intermediate
pressures and with different multiplication/division
factors produced the same set of significant reactions.
The most sensitive reactions in the H/O subset were
the chain-branching §+ H = OH + O (R1) and
chain-terminating steps HO- OH = H,O + O (R2)

route to CHO [42] was less important: it proceeded
predominantly via CH + HO, = CH30 + OH (R8)
and to a lesser extent via GH- Op = CH30 + O.

In addition, at low pressures<@ bar) the CH —
CH30H — CHy0H — CHO route was nonnegli-
gible in the scheme of Warnatz at= 1 bar (see
Fig. 10). On the other hand, GRI-3.0 had different
oxidation pathways: the main route was via £+
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Fig. 10. Reaction flux of carbon for the gas-phase mechanism of Wg@&teomputed with a perfectly stirred reactor (PSR):
(a) p=1barand (bp = 16 bar. The residence time is 30 ms= 0.40 and the temperature is 1200 K. All fluxes are normalized
with respect to the Cll— CHg flux. Fluxes lower than 0.002 are not shown.

formation (R8) and the route to G&@ (R4) was much
less important. Furthermore, R8 was accelerated by
the slower HQ-depleting reaction R3 of the H/O sub-
set. The scheme of Leeds favored £ttepletion via
R4, however, the route to GJ® had an increased im-
portance compared to that of Warnatz. The aforemen-
tioned importance of the high- and low-temperature
oxidation routes in the schemes of Warnatz, GRI-
3.0, and Leeds was maintained over the entire range
900 K< T <1400 K and 005 < ¢ < 0.5. Finally, in

the Warnatz-Maas scheme only the low-temperature
oxidation route was available and the €& route
was not included. This could be a possible reason for
the long ignition delay times of this scheme shown
in Fig. 8 Additional radical (O, H, and OH) reac-
tion flux analyses in the channel reactor have shown
a stronger radical pool built up over the preignition
zone for GRI-3.0 and Leeds compared to that of War-
natz’ scheme. The dominant H radical source was
reaction CHO+ M = CO+ H + M (R5), while R1
and R4 were main sources for O and OH, respectively.
Moreover, of the significant C-containing reactions
in Warnatz’' scheme, R5 had the strongest pressure
dependence (sdeig. 9). Sensitivity analyses on the

other schemes have also attested to the significance 1 bar< p <

of R5 and its strong pressure dependency. R5 will

be elaborated in Sectioh4, where a modified reac-
tion mechanism is constructed for 1 kap < 16 bar.

It is finally noted that the large differences l6ig. 8
were only particular to the intermediate temperatures
900 K< T < 1400 K relevant to catalytic systems;
at 7 = 1500 and 1600 K, for example, the computed
ignition delay times with the Warnatz, GRI-3.0, and
Leeds schemes differed by less than 30% over the
range 1 bak p < 16 bar and M5< ¢ < 0.5.

The significance of C2 chemistry under the very
fuel-lean catalytic combustion operation is an issue
that deserves particular attention. In all examined
mechanisms, the reactions involving recombination
of C1 radicals to C2 species were considered as inte-
gral parts of the C1 mechanism. In Warnatz’ scheme,
for example, five C2 reactions were accounted for:
CH3 + CH3 = CyHg, CHy + CH3 = CoHg + H,
CHy(s)+ CH3 = CoHyg + H, CHg + CH3 = CoHy +
H, and CH, + CH = CoHs + H. The resulting
scheme of Warnatz (108 reactions, 25 species) pro-
duced ignition delay times (constaptand T') within
9% of those calculated using the full C2 mecha-
nism of Warnatz (164 reactions, 33 species) over
the entire parameter range 900<K7 < 1400 K,

16 bar, and 5 < ¢ < 0.5. Exclusion
of the above five reactions resulted in ignition de-
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lay times appreciably shorter compared to those of
the full C2 mechanism: by-20% at 1100 K and by
~80% at 1400 K p = 4 bar,p = 0.5). At lowerg the
discrepancies were less dramatic7@o at 1100 K and
~26% at 1400 Kgp = 0.1, p = 4 bar). With increas-
ing pressure the differences were slightly reduced and
the maximum deviation was shifted to higher temper-
atures. The most significant of the five C2-containing
reactions was Cgl+ CH3 = CyHe.

In GRI-3.0 12 C1-to-C2 reactions were included,
resulting in a mechanism consisting of 137 reactions
with 26 species. This scheme overpredicted the igni-
tion delay times calculated with the full C3 chem-
istry of GRI-3.0 (219 reactions, 34 species) by less
than 10% atl’ < 1100 K and by less than 16% at
1100 K< T < 1400 K (p = 4 bar, 005< ¢ < 0.5).
Similar to the scheme of Warnatz, the overpredictions
were slightly reduced with increasing pressure and
shifted to higher temperatures. When all 12 C1-to-
C2 reactions were removed, the ignition delay times
were much shorter compared to those of the full C3
mechanism at 900 k 7 < 1400 K: up to 460% for
¢ = 0.5 and up to 200% fop = 0.05 (p = 4 bar).

At 16 bar, the corresponding differences were 350
and 160%. Again the most important C1-to-C2 reac-
tion was CH + CHz = CyHg. Finally, the C1 scheme

of Leeds (105 reactions and 25 species) involved 15
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Fig. 11. Rate coefficient = AT? exp(—E/RT) for the
reaction CHO+ M = CO + H + M: Warnatz[22], solid
lines; GRI-3.0[35], dotted lines; Leed§36], dashed dou-
bled-dotted lines; Friedrichgl6], dashed-dotted lines. The
Warnatz-modified rate (solid gray lines) has a reaction pre-
exponential reduced by a factor of 1.8 compared to that of
Warnatz[22].

is a large scatter of R5 kinetic parameters. Warnatz,
Warnatz-Mass, and Leeds adapted their kinetic para-
meters from the data of Baulch et #.3]. GRI-3.0
used the data of Timonen et g44], which were
measured at 63% T < 832 K and were further ex-

C1-to-C2reactions. Comparisons between the C1 and tended to 300 K< 7 < 3000 K using a theoreti-
the C2 (125 reactions, 29 species) Leeds schemes cal model. Glarborg et a[45] in a recent study on

revealed minor differences in ignition delay times.
However, removing the C1-to-C2 reactions resulted
in large ignition delay time discrepancies similar to
those of GRI-3.0. Simulations with the scheme of
Warnatz-Maas have also shown the—common to all
schemes—importance of C1-to-C2 recombination re-
actions in catalytic combustion applications.

4.4, Modified mechanism valid between 1 and 16 bar

The good performance of the gaseous scheme of

Warnatz over the extended domain 6 kap < 16 bar
provided a platform for the establishment of a mech-
anism valid for the entire range 1 bdrp < 16 bar.
The analysis ofig. 9revealed that ap = 1 bar the
homogeneous ignition was particularly sensitive to
the chain-branching step CHOM = CO+H + M
(R5) while atp = 16 bar the corresponding sensitiv-

ity was weak. Analyses at in-between pressures have

further shown the decreasing sensitivity of R5 with
increasing pressure. This behavior was attributed to
the reverse reaction R5 which, as a three-body reac-
tion, was favored at high pressures. The importance
of R5 has also been attested in earlier atmospheric
pressure studield 4]. Therefore, R5 could be a pos-
sible source for the largeg differences of Warnatz’
scheme ap < 4 bar Fig. 5). In the literature there

formaldehyde oxidation recommend the latest kinetic
data of Friedrichs et a[46], which were extracted at
835K T £ 1230Kand @8 bar< p < 1.9bar. The
calculated rate coefficients; = AT? exp(—E/RT)

are provided irFig. 11 The kinetic parameters, b,
and E along with the bath gas used in the original
kinetic experiments and the enhanced third-body effi-
ciencies of the full mechanisms are listedTiable 3
The differences irkg span a factor of~4 over the
temperature range 600K 7 < 1400 K.

To improve the homogeneous ignition predic-
tions at p < 4 bar Fig. 5), the preexponential of
R5 in the scheme of Warnatz was reduced by a fac-
tor 1.8. The altered scheme is further denoted as
Warnatz-modified. As seen ifig. 11, the modi-
fied reaction rate coefficient is well within the range
of literature values. This modification had little im-
pact on the high-pressure performance of Warnatz’
scheme, while it greatly improved its lower pressure
ignition predictions. Comparisons between OH LIF
measurements and numerical predictions with the
Deutschmann/Warnatz and Deutschmann/Warnatz-
modified schemes are presentedFig. 12 (predic-
tions referring to the reduced schemes will be elabo-
rated in the next section). Over the range 1gr <
4 bar the agreement ing was improved to~10%
as seen, for example, in the= 1 bar comparisons
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OH-LIF

Deutschmann/ Warnatz
Deutschmann/ Warnatz-modified
Deutschmann-R/ Warnatz-R1

[ 1
10bp=16l:varT =

0 50 100 150 x (mm) 200 250 300

Fig. 12. Measured and predicted distributions of the OH radical for Cases 1, 5, andTHblefl (a) OH LIF measure-

ments and (b—d) numerical predictions with: (b) Deutschmann/Warnatz schemes, (c) Deutschmann/Warnatz-modified schemes
(d) Deutschmann-R/Warnatz-R1 reduced schemesTabkkes 2 and ¥ The green arrows define the onset of homogeneous
ignition. The color bars provide the OH levels (ppmv) for both the experiments and the Deutschmann/Warnatz predictions.

Table 3 delay times, catalytic and gaseous methane conver-
Kinetic parameters of the reaction CHOM = CO + sion, minor species concentrations over the induction
H+Mm2 zone, and onset of homogeneous ignition. For this
A b E purpose, a number of reactors were used: the ideal
Warnatz[22] (Ho) 710E+14 Q0 703 batch reactor, the ideal hetero/homogeneous SPSR,
Warnatz-Maag§21] (Hy) 7.10E+14 00 703 and, finally, the hetero/homogeneous channel reac-
GRI-3.0[35] (N>) 187E+17 -10 711 tor of the present study. Combining sensitivity and
Leeds[36] (H2) 4.49E+ 14 00 659 reaction flux analyses, a simplified mechanism was
Friedrichs[46] (Ar) 4.00E+13 00 650 derived by eliminating the unimportant reactions and

2 Reaction ratek = AT? exp(—E/RT). Units A (cm- pathways. The thus derived skeletal mechanism, fur-
mol-K-s), E (kJ/mol). The bath gas in the original ki-  ther Qenoted as Warr?atz-Rl, is provid.ed'éible 4 it

netic measurements is shown in parentheses. The enhancedconsisted of 28 reactions and 23 species and its range
third-body efficiencies in the schemes of Warnatz, Warnatz- of applicability was 1 bax p < 16 bar, 900 K<

Mass and Leeds are fN\0.4/H,0 6.5/CQ; 1.5/CHy 3.0/0, T <1400 K, and M5< ¢ < 0.5. In Warnatz-R1, the
0.4/CO 0.75/, while in GRI-3.0 are 40 6.0/CG 2.0/CHy kinetic parameters of the 28 reactions were those of
2.0/CO 1.5/. Warnatz-modified (i.e., of Warnatz et §22] with the

exception of R5). A smaller version of Warnatz-R1,

further denoted as Warnatz-R2, composed of 23 re-
of Fig. 12(1a, 1c). Moreover, the already good per-  actions (R1-R23 ifable 4 and 18 species was also
formance of Warnatz’ scheme in the range 6 §ar  constructed for higher pressures and was applicable
p < 16 bar QAxjg < 9-15%) was further improved  at 6 bar< p < 16 bar, 1000 K< 7' < 1400 K, and
with the Warnatz-modified scheme\ g < 3-8%) 0.05< ¢ < 0.5. Warnatz-R2 did not include the path-

as seen ifrig. 12(5a, 5¢) and (10a, 10c). way CH; — CH30H — CH,OH — CH,0 which,
as stated in Sectiod.3, was nonnegligible at lower
4.5. Reduced homogeneous reaction schemes pressures and temperatures.

Ignition delay times (constant pressure and tem-
It is a main interest to provide a reduced skeletal perature simulations, Eq¢13)) with the Warnatz-
mechanism based on the validated Warnatz-modified modified, Warnatz-R1, and Warnatz-R2 schemes are
scheme. The reduced mechanism should reproduce adepicted inFig. 13 for three pressures. Predicted
variety of combustion characteristics such as ignition ignition delay times with the Warnatz-R1 scheme
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Table 4
Reduced homogeneous reaction schémes

A b E
R1 O3 +H=0H+0 8.70E+13 00 603
R2 HO, + OH=H>0+ Oy 6.00E+13 00 0.0
R3 H+O, +M =HO, + M 2.30E+18 -0.8 0.0
R4 CHz + Oy - CH,O+ OH 330E+11 00 374
R5 CHO+M=CO+H+M 3.94E+14 00 703
R6 CHy + OH=H0 + CH3 1.60E+07 18 116
R7 CO+OH=CO, +H 4.76E+07 12 0.29
R8 CH; + HO, = CH30 + OH 180E+13 00 0.0
R9 CHO+ 0, =CO+HO» 3.00E+12 00 0.0
R10 CH; + HO2 = CHg + O 3.60E+12 00 0.0
R11 CH0 + Oy = CHyO + HO» 4.00E+10 00 89
R12 OH+OH=H0+0 150E+09 11 0.42
R13 HG + HO2 =H200 + O7 2.50E+11 00 -5.2
R14 OH+OH+M =H00, +M 3.25E+22 —-2.0 0.0
R15 CO+HO2 =CO; + OH 150E+14 00 987
R16 CHO+H=CHO+H» 2.30E+10 11 137
R17 CH0O+ OH = CHO+ H>0 3.40E+09 12 -19
R18 CHO + HO = CHO+ Hy0, 3.00E+12 00 547
R19 CHO + Oz = CHO+ HO2 6.00E+13 00 17Q7
R20 CH; + CH3z =CyHg 8.32E+43 —-9.1 67.0
R21 CH;+ O=0H+ CH3 6.92E+08 16 355
R22 CHy + HO» = Hp05 + CH3 1.10E+13 00 1031
R23 CHO 4 CH30 — CH3OH + CH,0 3.00E+13 00 0.0
R24 CHO + CH30O — CH30H + CHO 600E+11 00 138
R25 CHO02+M — CHz3+ 07+ M 7.24E416 00 1111
R26 CH;+ 02 +M — CH302 + M 1.41E+16 00 —4.6
R27 CHO5 + HO7 — CH302H + O 4.60E+10 00 -109
R28 CHOH+ OH=CH;0H+ H,0 100E+13 00 71

@ The reduced schemes Warnatz-R1 and Warnatz-R2 consist of reactions R1-R28 and R1-R23, respectively. The kinetic
parameters are the same as in Warifja®3, with the exception of reaction R5 where the preexponentidlas been reduced
by a factor of 1.8. Reaction rate coefficient AT? exp(—E/RT). Units A (cm-mol-K-s), E (kJ/mol). Enhanced third-body
efficiencies: /CH 3.0/CG, 1.5/CO 0.75/N 0.4/0, 0.4/H,0 6.5/H, 1.0/.

were within 20% to those of the Warnatz-modified two residence times. The employed residence times
mechanism forT < 1300 K and all pressures. At (5 and 30 ms) bounded those of most practical de-
T = 1400 K the differences where somewhat larger vices and the variation in S/V determined the rel-
(up to 26%); it is noted, however, that in practical ative importance of each pathway. The predictions
systems temperatures as high as 1400 K were not rep- of Fig. 14 referred to the Deutschmann/Warnatz-
resentative of the bulk gas temperature but only of modified, Deutschmann/Warnatz-R1, and Deutsch-
the catalyst. Warnatz-R2 has also provided, over its mann-R/Warnatz-R1 schemes. The comparisons of
range of applicability ¢ > 6 bar,T > 1000 K), good Fig. 14illustrated that the Deutschmann/Warnatz-R1
agreement (within 25%) to the Warnatz-modified scheme provided good agreement (within 10%) to
scheme predictions. Additional constant-pressure and the CH; conversions of the Deutschmann/Warnatz-
constant-enthalpy simulations (Egd.3) and (14) modified scheme over the entire examined range of
have shown that both reduced schemes captured well parameter variation. In addition, the Deutschmann-
the ignition delay times of the Warnatz-modified R/Warnatz-R1 predictions were within 9% of those of
scheme, indicating that the weak exothermicity over the Deutschmann/Warnatz-R1 scheme. Minor species
the induction zone was also well-reproduced. concentrations were also well predicted by the
In the next step, SPSR calculations (at given re- Warnatz-R1 scheme, as shownRig. 15 The level
actor pressures and temperatures, E@4) were of agreement shown iRigs. 14 and 1%vas preserved
carried out in order to introduce coupling of the het- over the ranges 1 bat p < 16 bar and M5< ¢ <
erogeneous and homogeneous chemistries. Computed0.5. A similar outcome was reached for the perfor-

fractional methane conversions of both catalytiy) (
and gaseous) pathways are provided ifig. 14
for p = 10 bar, three surface to volume ratios, and

mance of Warnatz-R2 (with the Deutschmann or the
Deutschmann-R schemes) over its range of applica-
bility.
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Fig. 13. Ignition delay times of Cldair mixtures at fixed pressures and temperatures calculated using the Warnatz-
modified scheme (dashed lines), and the reduced mechanismdaBke4 Warnatz-R1 (dotted lines) and Warnatz-R2
(dashed-doubled-dotted lines). At= 1 bar and all temperatures as well ag'at 900 K and all pressures, only Warnatz-R1 is

relevant.
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of the fractional catalytic') and gaseousX) methane con-

version for a CH/air mixture withg = 0.50, p = 10 bar,
three surface to volume ratios (S/V) and two residence
times (). Solid lines: Deutschmann/Warnatz-modified

sured (1a, 5a, 10a) and predicted with the Deutsch-
mann-R/Warnatz-R1 schemes (1d, 5d, 10d) OH dis-

schemes. Dashed lines: Deutschmann/Warnatz-R1 schemestributions illustrated that the Warnatz-R1 scheme re-

(see Table 4. Dotted lines: Deutschmann-R/Warnatz-R1

schemes (seables 2 and }

produced very well (within 10%) the measured ho-
mogeneous ignition distance over the entire range
1 bar< p < 16 bar. The combination of Warnatz-

The performance of the reduced gaseous mecha- R1 with the full mechanism of Deutschmann (not

nisms in the channel-flow experiments is finally illus-
trated inFig. 12 Therein, comparisons between mea-

shown) gave results similar to those of Deutschmann-
R/Warnatz-R1. Moreover, the postignition flame
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Fig. 16. Computed streamwise profiles of the catalytic
(C) and gaseous) methane conversion rates and of
the average (over the transverse distance) mole fraction
of OH for three cases oTable 1 Solid lines: Deutsch-
mann/Warnatz-modified schemes. Dashed lines: Deutsch-
mann-R/Warnatz-R1 schemé&bles 2 and ¥

shapes were also well reproduced by the Deutsch-
mann-R/Warnatz-R1 schemes, although the flame
tail lengths were somewhat overpredicted (compare
Fig. 12 (10c and 10d)). This suggested that the re-
duced gaseous scheme underpredicted slightly the
propagation characteristics (flame speeds). The pre-
dicted catalytic C) and gaseousX) methane conver-
sion rates and the average (ow@rOH mole fraction

for the three cases dfig. 7 are provided irFig. 16

M. Reinke et al. / Combustion and Flame 141 (2005) 448—-468

ignition. Furthermore, this contribution was more pro-
nounced at higher pressures. The gas-phase impact is
elaborated with the hetero/homogeneous carbon re-
action flux analysis ofFig. 17, which was carried

out with the Deutschmann-R/Warnatz-R1 schemes
in an SPSR (the full Deutschmann/Warnatz-modified
schemes gave essentially the same results). It is seen
that CH;, followed the gaseous route to CO and then
most of the formed CO was adsorbed very efficiently
on the surface due to its very high sticking coeffi-
cient (see S13 imable 2. The adsorbed CO was
oxidized to CQ(s) that further desorbed via S10 to
the gas phase. Considering that the gaseous combus-
tion of hydrocarbons can be roughly described by a
two-step process, the first being an incomplete reac-
tion to CO and the second the oxidation of CO to
COy, itis clear that the presence of the catalytic path-
way inhibited homogeneous ignition by depriving CO
from the gas phase. Therefore, even in the absence
of homogeneous ignition, the gaseous pathway could
amount to significant methane conversion in high-
pressure catalytic combustion systems. Although the
catalytic pathway was an efficient sink of CO, it could
not by itself provide acceptable CO emissions (20—
50 ppmv): as seen iRig. 7, CO dropped substantially
only after the onset of homogeneous ignition. This
was one of the reasons for pursuing CST (catalytic
combustion followed by a postcatalyst gaseous zone)
in gas turbine$l,2].

The impact of the heterogeneous scheme on ho-
mogeneous ignition was also addressed with sensitiv-
ity analyses. The preexponentials of all surface re-
actions in the Deutschmann-R scheme were multi-
plied/divided by a factor of 10 and the channel sim-
ulations were repeated while keeping the Warnatz-R1
gaseous scheme unaltered. It was shown that the CH
adsorption (S1) and £adsorption/desorption (S2,
S8) were particularly important as they determined

the volumetricG rates have been integrated over the the near-wall depletion of reactants. Radical adsorp-
7-mm transverse channel distance so that they can tion/desorption reactions (S11, S12) had a smaller
be directly compared to the catalytic surface rates. impact on homogeneous ignitig8,20]. Finally, the
The agreement between the Deutschmann/Warnatz- reduced gaseous schemes were largely independent of
modified and Deutschmann-R/Warnatz-R1 predic- the particular catalyst and could thus be used in vari-
tions over the induction zonex (< xjg) was good; ous hetero/homogeneous combustion applications.
the rise of the OH radical was somewhat slower in
the reduced schemes, leading to the aforementioned
slightly longer flame tails ifrig. 12 It is nevertheless
emphasized that of main interest is the performance
of the reduced scheme over the induction zone and its ~ The homogeneous ignition of fuel-lean.3@ <
capacity to capture (for safety reasons) the onset of ¢ < 0.40) methane/air mixtures over platinum was
homogeneous ignition; the postignition flame propa- investigated in the pressure range 1 {ar < 16 bar,
gation in the channel is less important since practical which encompasses all practical catalytic combus-
systems are not designed to operate in this mode. tion systems. In situ nonintrusive measurements of
As illustrated inFig. 16 the gaseous pathway major species (using 1-D Raman) and trace species
had a significant contribution to the conversion of (using planar OH LIF) concentrations over the cat-
methane well upstream of the onset of homogeneous alyst boundary layer of a channel-flow reactor were

5. Conclusions
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Fig. 17. Hetero/homogeneous reaction flux of carbon computed with the Deutschmann-R/Warnatz-R1 skiig#e®e? énd }
in a surface perfectly stirred reactor (SPSR) with a fuel-lean/@iHmixture ¢ = 0.40) atp = 10 bar andl" = 1200 K. The

surface to volume ratio was 5 ¢ and the residence time 50
flux.

compared against detailed numerical predictions with

elementary hetero/homogeneous chemical reaction
schemes. The following are the key conclusions of

this study.

1. The gas-phase mechanism of Warnatz repro-
duced well the measured homogeneous ignition dis-
tances over the range 6 barp < 16 bar and un-
derpredicted them to a greater degree at 1<ar<

4 bar. The gas-phase mechanisms of Leeds and GRI-

3.0 underpredicted substantially the onset of homoge-
neous ignition at all pressures. Reaction flux analyses
carried out over the temperature range 90Q K' <
1400 K (of interest to practical catalytic combustion
systems) have shown that the scheme of Warnatz fa-
vored the low-temperature oxidation route £H>
CH»0, GRI-3.0 proceeded via the higher temperature
route CHy — CH30, and Leeds, although favoring
the low-temperature route, had an increased contri-
bution of the high-temperature pathway. It was also
shown that crucial in the performance of the gaseous
schemes was the correct prediction of the minimum
equivalence ratio above which the self-inhibited ig-
nition behavior of methane was maintained. Finally,
notwithstanding the ultra fuel-lean conditions, C2
chemistry could not be ignored. In particular, the in-
clusion of the radical recombination reaction £H

CH3 = CoHg was necessary for accurate homoge-
neous ignition predictions.

2. Sensitivity analysis on the gas-phase scheme of
Warnatz identified the importance and the strong pres-
sure dependence of the chain-branching step GHO
M = CO+ H + M on homogeneous ignition. A re-
duction of the preexponential of this reaction by a
factor of 1.8, which was further supported by recent
kinetic studies, resulted in a gaseous scheme (modi-

ms. All fluxes are normalized with respect to the-€BH3

fied scheme of Warnatz) that reproduced very well the
measured homogeneous ignition characteristics over
the entire pressure range 1 kap < 16 bar.

3. Two skeletal reduced gas-phase mechanisms
were derived from the modified scheme of Warnatz
that reproduced a number of combustion characteris-
tics: the ignition delay times in a batch reactor without
surface reactions, the catalytic and the gaseous con-
versions in a surface perfectly stirred reactor, and,
finally, the measured homogeneous ignition distances
in the channel-flow catalytic combustor. The first re-
duced mechanism (Warnatz-R1) was established over
the range 1 bag p < 16 bar, 900 K< T < 1400 K,
and Q05 < ¢ < 0.50 and the second smaller mech-
anism (Warnatz-R2) was valid over 6 barp <
16 bar, 1000 K< T < 1400 K, and M5 < ¢ < 0.50.

4. When used in conjunction with a reduced het-
erogeneous scheme (based on the elementary scheme
of Deutschmann), the reduced gas-phase mecha-
nisms reproduced well the key catalytic and gaseous
combustion characteristics of the full hetero/homo-
geneous mechanisms.
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