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The gas-phase combustion of H,/O,/N, mixtures over platinum was investigated experimentally and
numerically at fuel-lean equivalence ratios up to 0.30, pressures up to 15 bar and preheats up to
790 K. In situ 1-D spontaneous Raman measurements of major species concentrations and 2-D laser
induced fluorescence (LIF) of the OH radical were applied in an optically accessible channel-flow catalytic
reactor, leading to the assessment of the underlying heterogeneous (catalytic) and homogeneous (gas-
phase) combustion processes. Simulations were carried out with a 2-D elliptic code that included ele-
mentary hetero-/homogeneous chemical reaction schemes and detailed transport. Measurements and
predictions have shown that as pressure increased above 10 bar the preheat requirements for significant
gas-phase hydrogen conversion raised appreciably, and for p = 15 bar (a pressure relevant for gas tur-
bines) even the highest investigated preheats were inadequate to initiate considerable gas-phase conver-
sion. Simulations in channels with practical geometrical confinements of 1 mm indicated that gas-phase
combustion was altogether suppressed at atmospheric pressure, wall temperatures as high as 1350 K and
preheats up to 773 K. While homogeneous ignition chemistry controlled gaseous combustion at atmo-
spheric pressure, flame propagation characteristics dictated the strength of homogeneous combustion
at the highest investigated pressures. The decrease in laminar burning rates for p > 8 bar led to a push
of the gaseous reaction zone close to the channel wall, to a subsequent leakage of hydrogen through
the gaseous reaction zone, and finally to catalytic conversion of the escaped fuel at the channel walls.
Parametric studies delineated the operating conditions and geometrical confinements under which
gas-phase conversion of hydrogen could not be ignored in numerical modeling of catalytic combustion.

© 2010 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

hydrogen can be produced from methane [6-8] or higher hydro-
carbons [9-11] in suitable catalytic microreformers.

In recent years, there has been a growing interest in hydrogen
and hydrogen-rich fuel combustion for large-scale power plants
and also for microreactors of portable power generation systems.
In the former application, hydrogen-rich gases can be produced
by decarbonization of fossil fuels, eventually leading to precom-
bustion capture of CO, [1]. Hydrogen-containing fuels are also of
interest for new postcombustion CO, capture strategies in natu-
ral-gas-fired power plants, wherein the fuel/air mixture is diluted
with large exhaust gas recycle in order to increase the content of
CO; in the flue gases and thus facilitate its subsequent capture
[2]. In this case, hydrogen produced via reforming a fraction of
the natural gas can be added to the main fuel stream in order to in-
crease the combustion stability of the highly diluted reactive mix-
ture [2,3]. Hydrogen fuels are finally of interest in microreactors
used for small-scale (~100 W.) power generation [4,5]. Therein,
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Even though lean premixed combustion constitutes the main-
stream approach in gas-fired power plants, hybrid methodologies
involving catalytic (heterogeneous) and gas-phase (homogeneous)
combustion are intensively investigated in the last years as a
means to reduce NO, emissions and improve combustion stability
[12]. In one such hybrid concept, part of the fuel is converted cat-
alytically in a honeycomb reactor and the remaining is combusted
in a follow-up homogeneous burner [12], with both combustion
modules operating at fuel-lean stoichiometries. While combined
hetero-/homogeneous combustion is an option for the aforemen-
tioned combustion technologies in large-scale power generation,
it is the preferred method for microreactors. Prime reasons for this
choice are the large surface-to-volume ratios of microreactors that
favor catalytic surface conversion over volumetric gaseous com-
bustion, the occurrence of many undesirable flame instabilities at
small geometrical confinements driven by flame-wall interactions
[13-16], and the efficient suppression of such instabilities by coat-
ing the reactor walls with an active catalyst [17,18].
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Nomenclature

b channel half-height, Fig. 1

Cp.k specific heat at constant pressure of kth gaseous species,
Eq. (7)

d channel diameter

Dim mixture-average species diffusion coefficient, Eq. (6)

DZ species thermal diffusion coefficient, Eq. (6)

h, hy total enthalpy, chemical enthalpy of the kth gaseous
species, Eq. (3)

I unity diagonal matrix, Eq. (2)

K, total number of gaseous species, Eq. (4)

L catalytic reactor length, Fig. 1

Le Lewis number (thermal over mass diffusivity)

m,M mass flux, mass flow rate

M; total number of surface species, Eq. (5)

p pressure

r radial coordinate

R° universal gas constant, Eq. (7)

Reiy inlet Reynolds number

Sk catalytic molar production rate of kth species, Eq. (8)

St laminar flame speed, Fig. 12

T temperature

T, fresh mixture temperature, Fig. 12, and reference tem-
perature, Eq. (7)

u, Uy  streamwise velocity component, inlet streamwise veloc-
ity

v transverse (—y) or radial (—r) velocity component

Vi species diffusion velocity vector, Eq. (6)

w catalytic channel width, Fig. 1

Wi, W molecular weight of kth gaseous species, average molec-
ular weight

X Y mole fraction and mass fraction of kth gaseous species

X, ¥,z  streamwise, transverse and lateral Cartesian coordinates,
Fig. 1

Greek symbols

r surface site density, Eq. (5)

lg thermal conductivity of gas, Eq. (3)

u dynamic viscosity, Eq. (2)

0 Po density, Egs. (1) and (2), fresh mixture density, Fig. 12

Om surface species site occupancy, Eq. (5)

® hydrogen-to-oxygen equivalence ratio

Wy homogeneous molar production rate of kth species, Eq.
(4)

Subscripts

IN inlet

ig homogeneous ignition

g gas

k, m indices for gas-phase and surface species

w wall

X streamwise component

y, T transverse component in Cartesian and cylindrical coor-
dinates

The catalytic chemistry of hydrogen oxidation over noble met-
als has been investigated in a number of studies and detailed
mean-field reaction mechanisms have thereafter been constructed
[19-23]. Development of heterogeneous kinetics for simple fuels,
such as hydrogen, is nowadays greatly aided by advancements in
ab initio simulations [24] and in spatially-resolved operando sur-
face science measurements [25]. It terms of gas-phase chemistry,
recent studies have improved the understanding of homogeneous
kinetics for hydrogen and hydrogen-containing fuels at turbine rel-
evant pressures [26-29]. For coupled heterogeneous and homoge-
neous combustion systems, however, there are only a few
investigations (especially at elevated pressures) for hydrogen and
hydrogen-containing fuels.

The homogeneous ignition of fuel-lean and fuel-rich H,/air mix-
tures over Pt-coated stagnation flow surfaces has been investigated
at atmospheric pressure in Bui et al. [30], establishing the impact of
equivalence ratio on the ignition temperature. In situ laser-based
measurements of major and minor species concentrations across
the boundary layer of a Pt-coated channel-flow reactor at atmo-
spheric pressure were reported in Appel et al. [31], providing val-
idated hetero-/homogeneous reaction schemes for fuel-lean H,/
air mixtures and further addressing the catalytic and gas-phase
chemistry interactions as well as the chemistry/transport coupling.
Maestri et al. [21,32] investigated the hetero-/homogeneous com-
bustion of fuel-rich H,/air mixtures over Rh-based catalysts at
atmospheric pressure in a nearly isothermal annular reactor with
a channel gap of 2.1 mm; they reported that gas-phase chemistry
was significant at temperatures above ca. 820 K. Mantzaras et al.
[33] extended the work of Appel et al. [31] for pressures up to
10 bar; therein, experiments and simulations have shown that
the intricate pressure and temperature dependence of hydrogen
homogeneous ignition kinetics resulted in suppression of gaseous
combustion for pressures above 4 bar, for non-preheated fuel-lean
H,/air mixtures, and for catalyst surface temperatures as high as
1200 K. More recently, Ghermay et al. [34] investigated

experimentally and numerically the effect of fractional hydrogen
preconversion on the subsequent homogeneous ignition character-
istics of fuel-lean H,/air mixtures over Pt at pressures up to 8 bar.
Literature studies for hetero-/homogeneous combustion of hydro-
gen at turbine-relevant pressures (ca. 15 bar) and mixture preheats
(up to 800 K) are still lacking. Moreover, it will be shown that for
the upper range of examined pressures, p > 12 bar, the mecha-
nisms controlling gas-phase combustion are markedly different
than those at lower pressures. Finally, it is essential to ascertain
the operating conditions (pressure, mixture preheat, catalytic wall
temperature, reactor geometrical confinement and residence time)
under which gas-phase chemistry plays a role, given the growing
interest for catalytic combustion systems using either hydrogen
or hydrogen-enriched fuels [5,23,35-38].

The present work undertakes an experimental and numerical
investigation of the hetero-/homogenous combustion of fuel-lean
(equivalence ratios up to 0.30) H,/air mixtures over Pt, at pressures
up to 15 bar and mixture preheats up to 790 K. Experiments were
performed in an optically accessible, channel-flow catalytic reactor
with a height of 7 mm. One-dimensional spontaneous Raman mea-
surements provided the boundary layer profiles of major species
over the catalyst surface and planar laser induced fluorescence
(LIF) of the OH radical monitored homogeneous combustion. Com-
putations were carried out with an elliptic 2-D code that included
elementary catalytic and gaseous chemical reaction schemes and
detailed transport. The main objectives were to assess the impact
of pressure and mixture preheat on the homogeneous combustion
characteristics of hydrogen over Pt surfaces and to provide vali-
dated hetero-/homogeneous chemical reaction schemes at tur-
bine-pertinent conditions. Specific objectives were to identify the
underlying physicochemical processes (gas-phase ignition chemis-
try, flame propagation characteristics, interaction of transport and
chemistry) that control the importance of gaseous chemistry in
practical catalytic reactor geometries. The regimes of significance
for gas-phase chemistry in hydrogen-fueled hetero-/homogeneous
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combustion systems have finally been delineated as a function of
geometrical confinement and operating conditions relevant to
either large-scale power generation systems or to microreactors.

This article is organized as follows. The experimental and
numerical methodologies are presented in Sections 2 and 3,
respectively. In Section 4.1, comparisons between measurements
and predictions are used to assess the aptness of the employed
reaction schemes and to illustrate the impact of high pressure
and preheat on homogeneous combustion. The effects of gas-phase
ignition chemistry and flame propagation characteristics on the
ensuing homogeneous combustion are discussed in Section 4.2. Fi-
nally, delineation of the operating conditions under which gas-
phase combustion cannot be ignored is undertaken in Section 4.3
for various practical geometrical confinements.

2. Experimental
2.1. High pressure test rig

The test rig has been used in earlier studies of hydrogen and
hydrocarbon hetero-/homogeneous combustion [33,34,39,40] such
that a brief description is provided next, with emphasis on modifi-
cations adopted for the present studies. Measurements were per-
formed in an optically accessible, rectangular-shaped catalytic
reactor, which was positioned inside a high-pressure cylindrical
tank (Fig. 1). The reactor was made of two horizontal non-porous
Si[SiC] ceramic plates (L = 300 mm long, 110 mm wide, 9 mm thick,
positioned 2b=7 mm apart) and two vertical quartz glass
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windows (3 mm thick, 12 mm high and 300 mm long) at a lateral
separation of W =104 mm (Fig. 1c). The resulting reactor volume
was 300 x 104 x 7mm°>. The inner Si[SiC] plate surfaces were
coated using plasma vapor deposition (PVD) first with a 1.5-pum
thick nonporous Al,05 layer and then with a 2.2-pum thick Pt layer.
Such a thick Pt layer resembled a polycrystalline platinum surface
and this was verified with detailed surface science measurements
(BET, chemisorption and XPS, as discussed in [34,41]).

The axial temperature profile of each catalytic plate was mea-
sured with 12 S-type thermocouples, positioned along the x-y
symmetry plane of the reactor (Fig. 1a) and embedded 0.9 mm be-
neath the catalytically coated surfaces. The axial locations of the
thermocouples will be shown in the forthcoming Section 4. In
channel-flow catalytic combustion of fuel/air mixtures with
deficient reactants having Lewis numbers less than unity (as, for
example, in fuel-lean Hy/air combustion where Ley; ~ 0.3), sup-
eradiabatic surface temperatures are attained at the far upstream
positions [31,33,34,42], which in turn endanger the catalyst and
reactor integrity. To suppress such high surface temperatures, the
approach of earlier hydrogen catalytic combustion studies was
adopted [31,33,34], whereby the front facets of both Si[SiC] plates
(110 mm x 9 mm) where firmly contacted to a water-cooled sec-
tion of the reactor support frame (see Fig. 1a). At the same time,
two resistive coils heated the ceramic plates over the length
100 < x <300 mm in order to counteract the increased heat losses
at the reactor rear.

To better control the amounts of H, and O,, which in turn af-
fected the onset of homogeneous ignition, the oxidizer was not
air but a mixture of separately supplied oxygen and nitrogen. High
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Fig. 1. (a) Schematic of the high-pressure test rig, (b) top view of the flow straightening unit, and (c) cross section of the catalytic channel reactor. All distances are in mm.
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pressure bottles provided H,, O, and N,. The flows of these gases
were regulated and measured by three dedicated Brooks mass-
flow controllers with accuracies better than +0.2%. The O, and N,
flows were mixed and preheated with an electric heater, and then
hydrogen was injected to the O,/N, mixture 400 mm upstream of
the reactor. Complete mixing of the fuel and oxidizer streams was
achieved in two sequential static mixers. Experiments with pre-
heated H,/02/N, at high pressures were particularly demanding
due to the resulting high mixture reactivity. A specifically designed
flow-straightening section (Fig. 1b) equipped with cross-flow grids
mitigated autoignition of the preheated reactive mixture and at the
same time provided a uniform flow at the reactor entry. Autoigni-
tion mitigation was verified with a series of four sheathed K-type
thermocouples (TCx to TCp, Fig. 1a), which monitored the mixture
temperature from the point of hydrogen injection down to the
reactor entry, while flow uniformity was assessed by hot-wire
velocimetry measurements at the exit of the stand-alone flow
straightening unit. Thermocouple TCp, positioned 2 mm upstream
of the reactor entry, also provided the inlet temperature needed
for the numerical simulations. The high pressure tank was
equipped with two 350-mm long, 50-mm high and 35-mm thick
quartz glass windows, allowing optical access from both reactor
sides (Figs. 1c and 2). Two additional quartz windows at the reactor
exhaust and at the rear flange of the tank (Fig. 1a) provided a
streamwise optical access. Finally, a continuous flow of air flushed
any undesired combustion products from the free volume between
the tank and the reactor assembly.

2.2. Laser diagnostics

The Raman and LIF techniques have been used in previous cat-
alytic combustion works [31,34,40] and are thus concisely de-
scribed below. In the LIF experiments (see Fig. 2), the 532 nm
second harmonic beam of a pulsed Nd:YAG laser (Quantel TDL90
NBP2UVT3) pumped a tunable dye laser (Quantel TDL90). The

dye output beam was frequency-doubled to 285 nm with a pulse
energy of 0.5m], low enough to avoid saturation of the
A(v=1) «+ X(¢ =0) OH transition. A cylindrical lens telescope and
a 1-mm slit mask transformed this beam into a thin light sheet,
which propagated counterflow along the x-y symmetry plane of
the reactor (Figs. 1a and 2). Fluorescence from both (1-1) and
(0-0) OH transitions at 308 and 314 nm, respectively, was col-
lected at 90° through the reactor and side tank windows with an
ICCD camera (LaVision Imager Compact HiRes IRO, 1392 x 1024
pixels). Channel areas of 100 mm x 7 mm were acquired on a
628 x 44 pixel area of the ICCD detector chip and the camera
was traversed axially to record the entire 300 mm reactor length.
To increase the signal-to-noise ratio, 400 images were averaged
at each measuring position. The LIF signal was calibrated with
absorption measurements performed with the 285 nm beam cross-
ing the reactor laterally (z-direction) through all 4 reactor and tank
side windows, as in [31,39].

For the Raman measurements, a frequency-doubled Nd:YLF
high repetition rate pulsed laser (Quantronix Darwin Duo) was
used, with output radiation at 526.5 nm. The laser was operated
at 1.5 kHz with a pulse duration and energy of 130 ns and 43 m],
respectively. The Raman beam was focused through the tank and
reactor side-windows into a vertical line (~0.3 mm thick) by an
f=150 mm cylindrical lens (Fig. 2). The focal line spanned the
7 mm channel separation and was offset laterally (z=15 mm) to
increase the collection angle and minimize thermal beam steering
[31,34]. Two f= 300 mm lenses collected the scattered light and fo-
cused it on a 25cm imaging spectrograph (Chromex-250i)
equipped with an ICCD camera (Princeton Instruments PI-
MAX1024GlIII). Up to 20,000 pulses were integrated on the detector
chip when acquiring an image. Raman data were recorded at differ-
ent axial positions by traversing a table supporting the sending and
collecting optics as well as the Nd:YLF laser and the spectrograph
(Fig. 2). The measurement accuracy was ~8% for species concentra-
tions as low as 0.5 vol.% For concentrations lower than 0.5 vol.%,

Fig. 2. OH-LIF and Raman optical setup arrangement in the high-pressure test rig. All focal lengths are in mm.
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larger uncertainties were present. Raman data closer than 0.7 mm
to both walls were discarded due to low signal-to-noise ratios. It is
finally clarified that the Raman data could not assess the catalytic
reactivity, since the high reactivity of hydrogen on Pt always
yielded transport-limited conversion for the present wall
temperatures.

3. Numerical

The governing equations (in their full elliptic form) were solved
for a steady laminar reactive flow in 2-D Cartesian coordinates,
simulating the 300 mm x 7 mm (x-y) channel domain (Fig. 1a).
To further investigate the effect of confinement type (planar versus
tubular channels, Section 4.3) on homogeneous combustion, addi-
tional simulations were carried out in cylindrical coordinates. The
general form of the equations was the following:

Continuity equation:

V- (pil) = 0. (1)

Momentum equations:

V-(pﬁ’ﬂ)+Vp—V~u{Vﬁ+(Vﬁ)T—§(V-ﬁ)4 0. 2)
Total enthalpy equation:
Kg .
V- (pith) + V - (Z pY iV, — ;.gvr> =0. 3)
k=1
Gas-phase species equations:
V. pY(ii+ Vi) — oW, =0, k=1,..., K,. (4)

Surface species coverage equations:
Sin
om—=0
m F El
For the present high Reynolds numbers (see Section 4.1) and the
7-mm narrow vertical channel gap, buoyancy was insignificant.
The diffusion velocities V; in Egs. (3) and (4) were computed using
mixture average diffusion, including thermal diffusion for the light
species H and H, [43]:

m=1,...,M,. ()

Vie = =D VIIn(Y,W/Wy)] + [DfWi/ (Y, W) V(InT). (6)
The ideal gas and caloric state laws were finally used:
0 T
p:pRWT, hk:hg(TO)Jr/ cudT k=1,... K,. (7)

o

The interfacial boundary conditions for the gas-phase species
and energy at the lower and upper catalytic walls (y=0 and
y = 2b, respectively) were:

(PYiViy)yo = Wk(gk)y:m —(PYiViy)y-ap = Wk(sk)y:zb 8)
and
T(x,y=0) =Tws(x), T(x,y=2b)=Twu(x), 9)

with Tyw,(x) and Ty, (x) the temperature profiles of the upper and
lower wall, respectively, fitted through the 12 thermocouple mea-
surements of each plate. No-slip was applied for both velocity com-
ponents at the gas-wall interfaces. At the inlet, uniform profiles
were used for the temperature Tjy (measured at TCp, Fig. 1a), the ax-
ial velocity Uy and the species mass fractions. At the outflow, v=0
was used for the transverse velocity and zero-Neumann conditions
for all other scalars. A staggered grid of 420 x 100 points (x and y,
respectively) was employed, with finer x-spacing closer to the en-
trance and y-spacing closer to both catalytic walls. The solution
algorithm has been described elsewhere [31].

The detailed mean-field heterogeneous reaction scheme for the
oxidation of H, over Pt from Deutschmann et al. [23] (11 irrevers-
ible and three reversible reactions, five surface and six gaseous
species) was employed, with a platinum surface site density
I'=2.7 x 1072 mol/cm?. Surface thermodynamic data for the
reversible reactions were taken from [44]. For homogeneous chem-
istry, the mechanism of Li et al. [26] was used (21 reversible reac-
tions and nine species) with its accompanying gas-phase
thermodynamic data. This mechanism has been tested against
shock tube, flow-reactor, and laminar flame speed measurements
at pressures up to 87 bar. Gas-phase and surface reaction rates
were evaluated with CHEMKIN [45] and Surface-CHEMKIN [46],
respectively, while all transport properties were calculated from
the CHEMKIN transport database [43].

4. Results and discussion
4.1. Homogeneous ignition measurements and predictions

Table 1 summarizes all experimental conditions. Measurements
have been performed at pressures 1, 2, 6, 8, 10, 12 and 15 bar with
mixture preheats (Tyy) ranging from 390 K to 790 K. With increas-
ing mixture preheat, the hydrogen-to-oxygen equivalence ratios
were reduced in order to avoid autoignition in the mixing or flow
straightening sections upstream of the reactor (Fig. 1a and b). To
this direction, equivalence ratios in the range 0.08 < ¢ < 0.30 were
used. Moreover, for a given pressure, the mass throughput (M in
Table 1) was not kept constant but it generally increased with ris-
ing preheat to eliminate the risk of flame flashback. The inlet Rey-
nolds numbers (Reyy in Table 1), calculated from the uniform inlet
properties and the channel hydraulic diameter (=13.1 mm), ranged
from 1948 to 3330. It is clarified, however, that all cases could be
treated with a laminar flow model: earlier turbulent catalytic com-
bustion studies [47] have shown that the strong flow laminariza-
tion induced by the hot catalytic walls guaranteed laminar
conditions at Rejy higher than 8000 for channel wall temperatures
above 1000 K.

Measured and predicted 2-D distributions of the OH radical
over the entire channel length are provided in Fig. 3 (1 < p < 6 bar)
and Fig. 4 (8 < p < 15 bar) for 21 of the total 26 cases in Table 1. As
stated in Section 2.2, the measured OH maps in Figs. 3 and 4 have
been constructed by connecting 100-mm-long, partially overlap-
ping LIF images. Small temperature differences between the upper
and lower catalytic walls led to a slight asymmetry in the flame
shapes (see Figs. 3 and 4). Maximum temperature differences be-
tween the upper and lower walls ranged from 15 K (Case 7) to
40 K (Case 26), as indicated from the thermocouple measurements
in Figs. 5 and 6. The axial location of homogeneous ignition (xig) is
denoted with vertical arrows in Figs. 3 and 4; x; has been defined
in both measurements and predictions as the far-upstream loca-
tion whereby OH reached 5% of its maximum value inside the
channel. Homogeneous ignition at pressures p > 12 bar could not
be accurately determined with the LIF data. Most of the cases at
12 and 15 bar referred to OH concentrations less than 2 ppmv
(see Fig. 4) and such low levels were not amenable to a planar mea-
surement fluorescence technique. Nonetheless, qualitative agree-
ment has been established between measurements and
predictions in terms of the very narrow extent of the gaseous com-
bustion zone away from both walls (see, for example, in Fig. 4 the
flames of Cases 20, 22 and 24-26). Moreover, quantitative agree-
ment for these high pressure cases was not of great concern since
gas-phase combustion was altogether very weak as will be dis-
cussed later on in the context of Fig. 6.

The onset of homogeneous ignition was well predicted by the
model, with the difference between measured and predicted
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Table 1
Experimental conditions.?

Case p (bar) Tin (K) ® H; (%) 0, (%) U (m/s) Ren M (g/s) Xig,m (Mm) Xig,p (Mm)
1 1 404 0.30 11.0 185 4.39 1948 2.50 16 13
2 1 578 0.17 6.6 19.5 9.04 2281 3.75 36 39
3 1 673 0.11 4.1 18.2 12.20 2441 4.45 54 62
4 1 760 0.08 2.8 18.0 13.24 2191 433 94 83
5 2 401 0.25 9.4 18.8 2.20 2008 2.56 46 35
6 2 576 0.17 6.5 19.5 4.70 2388 3.92 51 47
7 2 653 0.11 4.5 20.0 6.50 2726 4.88 82 73
8 6 398 0.25 7.9 15.9 0.84 2365 2.99 73 68
9 6 580 0.17 6.7 19.5 1.57 2361 3.89 65 74

10 6 676 0.11 4.1 17.8 2.53 3017 5.51 90 94

11 6 790 0.09 4.1 21.6 2.96 2724 5.55 84 96

12 8 406 0.25 9.3 18.8 0.68 2434 3.13 52 65

13 8 567 0.17 6.7 19.5 1.15 2395 3.89 62 72

14 8 676 0.11 4.1 19.2 2.05 3257 5.96 84 91

15 10 405 0.18 6.9 19.5 0.63 2897 3.73 89 77

16 10 575 0.17 6.5 19.6 1.12 2854 4.68 55 60

17 10 677 0.11 4.3 18.8 1.67 3302 6.05 88 78

18 10 763 0.10 4.5 21.8 1.72 2778 5.54 80 82

19 12 390 0.18 7.0 19.4 0.42 2456 3.02 - -

20 12 576 0.17 6.4 19.6 0.98 2990 491 - -

21 12 671 0.11 4.1 18.9 1.38 3330 5.60 106 93

22 12 780 0.10 44 21.6 1.48 2768 4.90 - N

23 15 391 0.22 8.4 19.1 0.42 3032 3.80 - -

24 15 585 0.15 6.0 19.7 0.79 2971 4.89 - -

25 15 679 0.11 44 20.0 0.91 2684 4.93 - -

26 15 758 0.10 43 21.3 1.17 2872 5.70 - -

@ Pressure, inlet temperature, equivalence ratio, species volumetric composition (the balance is N,), inlet velocity and Reynolds number, mass flow rate, measured (Xigm)
and predicted (x;g,) homogeneous ignition distances (x;q are provided only for cases with predicted OH levels above 2 ppmv).

ignition distances being for most cases less than 10 mm (see Ta-
ble 1). The same overall good agreement also applied for the ensu-
ing flame shapes and lengths at x > x;;. Finally, the maximum
measured OH levels were within 20% of the corresponding com-
puted values for all cases where a strong flame could be estab-
lished and could thus facilitate calibration of the LIF signal with
absorption measurements. Good agreement has thus been estab-
lished between measurements and predictions in terms of homo-
geneous ignition location, flame shapes and absolute OH levels.
This was an important initial result of this study, clearly showing
the applicability of the employed hetero-/homogeneous reaction
mechanisms at high pressures and preheats relevant to gas turbine
applications.

Computed catalytic (C) and gaseous (G) axial profiles of hydro-
gen conversion rates are shown in Fig. 5 for the three cases at
p=2bar and in Fig. 6 for 12 selected cases at the higher pressure
range 8 < p < 15 bar; the same figures also provide axial profiles
of the y-averaged hydrogen mass fraction. The predicted C rates ac-
counted for catalytic conversion on both channel surfaces, whereas
the G rates were computed by integrating the volumetric gaseous
hydrogen conversion over the 7 mm channel height. The 12 cases
in Fig. 6 were not all the same with those in Fig. 4; for example,
predictions with low preheats are shown in Fig. 6 (Cases 19 and
23) but such conditions had too low an OH LIF signal for inclusion
in Fig. 4. The predicted homogeneous ignition distances, denoted
by the vertical arrows in Figs. 5 and 6, attested that the OH-based
definition of homogeneous ignition closely corresponded to the
rise in the homogeneous hydrogen conversion rate G. To facilitate
comparisons of catalytic (C) and most importantly of gas-phase (G)
conversion rates between cases with different operating parame-
ters (mass flow rates, equivalence ratios), the maxima in the ordi-
nates of the three plots in Fig. 5 have been scaled with the
corresponding inlet hydrogen mass fluxes, Yy, M/(2b x W), of
each case. The same procedure has also been adopted for all 12
cases shown in Fig. 6.

For the lowest preheats Ty =398-406 K, strong flames were
established in the reactor for pressures 1 < p < 8 bar, as seen by
the OH LIF measurements and the numerical predictions in Fig. 3
(Cases 1, 5 and 8) and Fig. 4 (Case 12), as well as by the G conver-
sion rates in Fig. 5 (Case 5) and in Fig. 6a (Case 12). As the pressure
increased to 12 bar, the G rate at the lowest preheat (Fig. 6c,
Case 19 with Tjy = 390 K) became negligible and the same was also
evident at 15 bar (Fig. 6d, Case 23 with Ty = 391 K). Earlier studies
[33] with practically non-preheated (Tyy = 310 K) Hy/air mixtures
at pressures of up to 10 bar, have shown that gas-phase combus-
tion was largely suppressed for p > 4 bar. The present results indi-
cate that for modest preheats of ~390 K the suppression of gaseous
combustion is shifted to appreciably higher pressures, p > 12 bar.
For p=12bar gas-phase conversion was appreciable only for
Tin = 576 K (see Fig. 6¢, Cases 20 and 22), whereas for p =15 bar
gas-phase combustion was insignificant even at preheats as high
as 758 K (Fig. 6d, Case 26).

The axial profiles of computed average hydrogen mass fraction
shown in Fig. 6 indicated that for the higher pressure cases there
was always a hydrogen breakthrough at the reactor exit. This effect
was more pronounced at p = 15 bar due to the lack of appreciable
gaseous hydrogen consumption. For p > 10 bar, a non-vanishing
catalytic C conversion was evident even at x > X, leading to com-
bined hetero-/homogeneous combustion well inside the axial ex-
tent of the gaseous combustion zone. Moreover, as the G
conversion dropped at the reactor rear, the C conversion started
rising (see, for example, Case 18 in Fig. 6b and Cases 20 and 22 in
Fig. 6¢). In contrast, for the lower pressure p =2 bar in Fig. 5,
whereby gaseous combustion was stronger, the catalytic conver-
sion C practically ceased shortly after the onset of homogeneous
ignition.

In summary, a modest increase in mixture preheat from 310 to
~390 K sufficed to restore homogeneous combustion for pressures
up to 10 bar, which was a pressure range of interest for small-scale
industrial turbines and also for microturbine-driven portable
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Fig. 3. (a) LIF-measured and (b) numerically-predicted OH 2-D maps for nine
selected cases in Table 1 at pressures of 1, 2 and 6 bar. The vertical arrows define
the onset of homogeneous ignition. For each case, the color bars provide the
minimum and maximum computed OH in ppmv. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)

power generation systems [48]. On the other hand, as pressure in-
creased above 10 bar the preheat requirements for significant gas-
phase conversion raised appreciably. For p = 15 bar, which was a
pressure relevant for large gas turbines, even preheats up to
758 K, typical to full load operation, were not adequate to initiate
significant gas-phase conversion at the examined geometrical con-
finement of 7 mm. Restoration of appreciable gaseous combustion
at p =5 and 8 bar has also been reported in [34] by preconverting
part of the fuel. Fuel preconversion raised the effective inlet tem-
perature and in this respect the previous findings were in agree-
ment with the present study. However, apart from the limited

(12a)

75 150
X (mm)

Fig. 4. (a) LIF-measured and (b) numerically-predicted OH 2-D maps for 12 selected
cases in Table 1 at pressures of 8, 10, 12 and 15 bar. The vertical arrows define the
onset of homogeneous ignition. For each case, the color bars provide the minimum
and maximum computed OH in ppmv. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

pressure range studied in [34] (1 < p < 8 bar), fuel preconversion
resulted in inlet temperatures of at least 580 K, thus precluding de-
tailed studies at intermediate preheats. An additional complication
in [34] was that the preconversion led to formation of water and
radicals; the former was a strong inhibitor of gaseous combustion
while the latter affected appreciably the ignition characteristics at
atmospheric pressure. The results of the present study have
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Fig. 5. Thermocouple measurements (upper wall: triangles; lower wall: circles) and
fitted axial temperature profiles through the measurements (lines). Computed
catalytic (C) and gas-phase (G) hydrogen conversion rates (solid and dashed lines,
respectively) and the average (over the 7 mm channel height) axial profiles of
hydrogen mass fraction, Yy, (dashed double-dotted lines). The vertical arrows
define the computed location of homogeneous ignition (x;g). Cases 5, 6 and 7 in
Table 1 at p =2 bar.

demarcated the regimes of mixture preheat and pressure for which
gas-phase combustion was important. The reasons for the
gas-phase combustion behavior discussed in Figs. 3-6 will be elab-
orated in Section 4.2.

The preceding statements regarding the effect of pressure and
preheat on gas-phase chemistry presumed that the catalytic pro-
cesses were also well-reproduced by the numerical model. An
incorrect prediction of the catalytic fuel conversion over the gas-
phase induction length could greatly affect the location of homoge-
neous ignition and thus falsify the gaseous kinetics. To further in-
crease complication, analytical studies have shown the existence of
multiple combinations of catalytic and gaseous reactivities yield-
ing the same homogeneous ignition distance [49]. Although the
measured post-ignition flame shapes could be used to eliminate
most of these combinations, the Raman measurements provided
the only secure way of ensuring that the catalytic processes pre-
ceding homogeneous ignition were well-predicted. Comparisons
between Raman-measured and numerically-predicted transverse
profiles of H, and H,O mole fractions are shown in Fig. 7 for two
cases in Table 1 (pressures of 2 and 12 bar) and two axial positions
preceding homogeneous ignition (x <X;g). The numerical predic-
tions indicated a catalytic conversion close to the transport-limit,
as evidenced by the practically vanishing hydrogen levels near
both walls (y =0 and 7 mm). This behavior was also reproduced
by the measurements, despite the lack of Raman data at distances
closer than 0.7 mm to both catalytic walls.

4.2. Gas-phase combustion

The experimental conditions in Table 1 and the resulting flames
in Figs. 3 and 4 pertained to different mass throughputs, equiva-
lence ratios (and, sometimes, for a given equivalence ratio different
absolute H, and O, volumetric contents) and also varying wall
temperatures. Such differences were necessary to anchor stable
flames inside the channel reactor at widely varying mixture
preheats and pressures. However, to understand the impact of
gas-phase chemistry and transport on the onset of homogeneous

ignition over Pt surfaces, comparisons were required between
cases where only a limited number of parameters changed while
maintaining the others constant. To this direction, detailed simula-
tions have been performed using two different numerical plat-
forms and the validated hetero-/homogeneous chemistries of
Section 4.1.

4.2.1. Homogeneous chemistry kinetics

In a first step, pure gas-phase ignition characteristics of hydro-
gen (without the inclusion of catalytic reactions) were investi-
gated. Ignition delays of H,/air mixtures at equivalence ratios
¢ =0.30 and 0.10 and pressures from 1 to 15 bar, relevant to the
conditions in Table 1, have been computed in a constant pressure
non-catalytic batch reactor using the SENKIN package of CHEMKIN
[50]. Ignition delays were defined as the times where the hydrogen
mass fraction dropped to 50% of its initial value. Initial tempera-
tures ranging from 950 to 1300 K were studied. These tempera-
tures were higher than the mixture preheats in the channel
reactor (see Table 1), so as to mimic the presence of the hot cata-
lytic walls that further preheated the flowing reacting gas. Figure 8
provides the inverse of the computed ignition delays (quantities
proportional to the hydrogen gaseous reactivity) as a function of
pressure with parameter the initial temperature. The trends dis-
cussed next were common for both investigated equivalence ra-
tios. For the lowest examined initial temperature of 950K, the
gaseous reactivity decreased rapidly with rising pressure up to
~2 bar and then changed modestly for p > 2 bar. For the higher
temperatures 1000 K < T < 1300 K, the gaseous reactivity initially
increased monotonically with rising pressure, peaked at a critical
pressure pc, and subsequently dropped for p > p.,. With rising ini-
tial temperature, p., increased and at the same time the drop in
reactivity for p > p., was reduced. Characteristically, at T= 1250 K
the reactivity increased monotonically from 1 bar to p., = 11.2 bar
and then dropped modestly for p > p. such that the reactivity at
p = 15 bar was only 12% lower than that at p. This rich behavior in
hydrogen ignition chemistry was a result of the competition be-
tween the chain branching stepH + O, < O + OH, the chain termi-
nating step H+ 0, + M < HO, + M, and also of the chain
branching sequence HO, + H, <= H,0, + H and H;0;, + M < 2
OH + M that became important at higher temperatures [51].

Although no direct comparisons could be made between the
channel reactor experiments in Figs. 3 and 4 with the present ideal
batch reactor predictions, the restoration of gaseous combustion at
elevated pressures with rising preheat could be qualitatively
understood from Fig. 8. In the channel reactor, the effective tem-
peratures shown in Fig. 8 were a weighted average between the in-
let and wall temperatures, with an added weight on the latter. In
previous hetero-/homogeneous combustion studies of H,/air mix-
tures with essentially no preheat (Tiy =310 K) [33], the resulting
effective temperatures were moderate enough, such that the gas-
eous reactivity was highest at pressures close to 1 bar, dropping
rapidly for pressures above 2-3 bar (see for example the 950 and
1000 K curves in Fig. 8). For a hetero-/homogeneous combustion
system this implied that the catalytic pathway could favorably
compete against the homogeneous pathway by consuming signifi-
cant amounts of hydrogen during the elongated gas-phase induc-
tion zones for p > 4 bar, thus suppressing flame formation. It is
emphasized that the suppression of homogeneous combustion
for p > 4bar and Ty ~ 310K reported in [33] was an outcome
not only of intrinsic hydrogen gas-phase kinetics but also of com-
petition between gaseous and catalytic reactions for hydrogen con-
sumption. It is further noted that the catalytic pathway was very
effective in consuming hydrogen due the large molecular diffusiv-
ity and the very high reactivity of this species on platinum, even at
moderate surface temperatures. On the other hand, a modest
increase in preheat from 310 K to ~390K (see Table 1) increased
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Fig. 6. Thermocouple measurements (upper wall: triangles; lower wall: circles) and fitted axial temperature profiles through the measurements (lines). Computed catalytic
(C) and gas-phase (G) hydrogen conversion rates (solid and dashed lines, respectively) and the average (over the 7 mm channel height) axial profiles of hydrogen mass
fraction, Yy, (dashed double-dotted lines). The vertical arrows define the computed location of homogeneous ignition (x;); (a) Cases 12, 13 and 14 at p = 8 bar, (b) Cases 15,
16 and 18 at p = 10 bar, (c) Cases 19, 20 and 22 at p = 12 bar, and (d) Cases 23, 24 and 26 at p = 15 bar.

the value of p. and further reduced the disparity in reactivities
between the lower (p < p.;) and higher pressure regimes (p > per).
This extended the upper pressure limit for the existence of appre-
ciable gaseous combustion to 10 bar (see Fig. 4).

The previous qualitative analysis, based mainly on gas-phase
ignition chemistry arguments and consideration of the competi-
tion between the heterogeneous and homogeneous pathways,
could account for the observed re-establishment of gaseous com-
bustion at pressures up to 10 bar when increasing the preheat from
310 to ~390 K. However, it failed to explain the observed lack of
strong gaseous combustion at p > 10 bar and high preheats. In this
pressure range, the gaseous reactivity either increased modestly
with rising pressure (T<1050K) or it dropped modestly with
increasing pressure (e.g., T=1050, 1100, 1250, and 1300K in
Fig. 8). It will be shown in the next section that at high pressures
the presence of gaseous combustion was dictated not only by
homogeneous ignition chemistry but also by flame propagation
characteristics.

4.2.2. Flame propagation characteristics

Detailed simulations have been performed using as numerical
platform tubular catalytic channels with diameter d=1.0 mm
and lengths sufficient to achieve at least 99.5% hydrogen conver-
sion. The adopted geometry was more typical to that encountered
in individual channels of practical honeycomb catalytic burners
[52] compared to the larger, 7 mm gap, optically accessible reactor
used in the experiments. Uniform wall temperatures, T,,, were im-
posed and the pressure was varied between 1 and 15 bar. Hydro-
gen/air mixtures with ¢ = 0.30 were investigated at two different
total mass fluxes. The larger one, m = 42.4 kg/m? s, referred to
gas-turbine applications (resulting in a reference inlet velocity
Un=18 m/s at p=5bar and Ty =673 K) while the smaller one,
m=1.1kg/m?s, pertained to microreactors (Upn=0.48 m/s at
p=>5bar and Tjy =673 K). This approach facilitated comparisons
between cases having the same i and mixture preheat but differ-
ent pressures, by maintaining a constant inlet Reynolds number.
This was because analytical studies in channel-flow geometries
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Fig. 8. Computed inverse ignition delays of fuel-lean Hp/air mixtures in a constant
pressure non-catalytic batch reactor, at different pressures and temperatures.
Equivalence ratios ¢ = 0.30 (circles) and ¢ = 0.10 (triangles).

have shown [49,53] that, for the same Re, the catalytic fuel con-
version and the onset of homogeneous ignition only depended on
the hetero-/homogeneous kinetics when other parameters, e.g.
geometrical, transport, wall and inlet temperatures were the same.
Finally, the flows were laminar with Rejy up to 2000 for the higher
max flux cases.

Predicted catalytic (C) and gaseous (G) hydrogen conversion
rates are shown in Fig. 9 for various pressures, Tiy=673K,
T = 1350 K, for both the high (Fig. 9a) and the low (Fig. 9b) mass
flux conditions. The selected wall temperature of 1350 K consti-
tuted a likely upper limit that could be tolerated by reactor materi-
als (metallic or ceramic) and catalysts during long-time operation.
Reactor lengths of 80 mm were sufficient to convert at least 99.5%
of the hydrogen at the highest mass flux m = 42.4 kg/m? s. The ax-
ial locations of homogeneous ignition, defined as in Section 4.1, are
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Fig. 9. Computed axial profiles of catalytic (C, dashed lines) and gas-phase (G, solid
lines) hydrogen conversion rates for a ¢ = 0.30 Hy/air mixture in a tubular channel
with diameter d = 1 mm, constant wall temperature T,, = 1350 K and inlet temper-
ature Ty = 673 K, at different pressures; (a) mass flux m = 42.4 kg/m? s, and (b)
m = 1.1 kg/m? s. The channel lengths in (a) and (b) scale according to the ri ratio.
The vertical arrows in the x-axes define the locations of homogeneous ignition
(Xig=27.4,9.3,6.1,2.5,2.5and 2.3 mm forp=1, 2, 3.5, 8, 10 and 15 bar, respectively
in (a), and xig = 0.75, 0.10, 0.09 and 0.09 mm for p = 1, 8, 10 and 15 bar, respectively).
For p =2 and 3.5 bar in (b), the flames anchored directly at x = 0.

also shown with vertical arrows in Fig. 9. Concentrating first on the
high mass flux conditions (Fig. 9a), a very weak gas-phase (G) com-
bustion was evident at 1 bar; nonetheless, a homogeneous ignition
position x;g could still be numerically determined. With increasing
pressure, the homogeneous ignition distance x;; became progres-
sively shorter and for the higher pressures of 8, 10 and 15 bar, the
flames anchored close to the channel entry (Xjg~2 mm). This
behavior was consistent with the homogeneous ignition trends dis-
cussed in Fig. 8. For the high wall temperature T,, = 1350 K and for
the large preheat Tjy = 673 K in Fig. 9a, a high temperature curve in
Fig. 8 (e.g. 1250 or 1300 K) could explain the observed ignition
behavior. Therein, the reactivity was lowest at 1 bar such that for
the present 1 mm narrow channel (large surface-to-volume ratio)
the catalytic pathway could effectively compete against the gas-
eous pathway for hydrogen consumption, resulting in a minute G
rate. Characteristically, at the ignition location x;; =27.4 mm for
p=1Dbar in Fig. 93, the catalytic pathway had already consumed
88% of hydrogen. Therefore, the suppression of gaseous combustion
at atmospheric pressure and high wall/preheat temperatures was a
result of slow gaseous ignition chemistry in conjunction with the
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increased hydrogen consumption from the catalytic pathway at
large geometrical confinements (small channel diameters). The ef-
fect of confinement, in particular, should not be understated; it
could account for strong gas-phase combustion at 1 bar for larger
hydraulic diameter channels (as the 7-mm height channel used in
the experiments, see Fig. 3).

As pressure increased in Fig. 9a, the gaseous reactivity also in-
creased (at least for pressures up to 10 bar (see Fig. 8 for tempera-
tures of 1250 or 1300 K), and thus x;; was accordingly reduced. At
p > 10 bar, the reactivity could either increase (T= 1300 K in Fig. 8)
or drop modestly (T= 1250 K in Fig. 8) but xj; was not affected as
much, since ignition was already achieved close to the channel en-
try. It was surprising, however, that although the higher pressure
cases p > 8 bar ignited farther upstream compared to the p=2
and 3.5 bar cases in Fig. 9a, their integrated G conversion rates over
the entire channel length were substantially lower. For example,
the integrated G rate amounted to 38% of the total hydrogen con-
version at 3.5 bar and to only 14% at 15 bar. It is further noted that
the highest examined preheat Ty =773 K exhibited qualitatively
the same behavior as the Ty = 673 K cases in Fig. 9a.

Figure 10a-c provides computed isocontours of the hydrogen
gas-phase reaction rates, 2-D distributions of the hydrogen mass
fraction, and the hydrogen radial fluxes pYya(v+ Vi) (denoted
by vertical arrows at selected positions in the channel) for the high
mass flux cases i1 =42.4 kg/m? s at 2, 3.5, and 15 bar. Five hydro-
gen gas-phase reaction isocontours are shown, with the outer
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Fig. 10. (color online). Computed 2-D color maps of the hydrogen mass fraction,
five isocontours of the hydrogen gas-phase reaction rates, and radial hydrogen
fluxes pYua(v+ Via,) denoted by vertical arrows for a ¢ = 0.30 Hy/air mixture in a
d =1 mm tubular channel at a mass flux 1 = 42.4 kg/m? s, constant wall temper-
ature T,, = 1350 K and inlet temperature Ty = 673 K: (a) 2 bar, (b) 3.5 bar, (c) 15 bar,
and (d) 15 bar but with the Lewis number of hydrogen artificially set to unity. The
maximum gas-phase hydrogen reaction rates are 10, 20, 6 and 400 kg/m> s in (a) to
(d), respectively. The color bar provides the hydrogen mass fraction levels and the
arrows marked xig in (a), (b) and (c) the locations of homogeneous ignition. The
channel centerline is located at r=0 and the gas-wall interface at r=0.5 mm.

one corresponding to 10% of the maximum hydrogen reaction rate
of each case. Since Rejy was the same in Fig. 10a-c, the hydrogen
radial fluxes at the three different pressures would have been iden-
tical at the same locations provided that the catalytic hydrogen
conversion was transport limited and that gaseous reactions were
absent [53]. The nearly transport-limited catalytic conversion
could readily be attested from the hydrogen mass fraction radial
profiles in Fig. 11, pertaining to the 15 bar case in Fig. 10c (the
same behavior was also attained for the other pressure cases).
Gas-phase reactions modified the radial hydrogen fluxes, but for
the cases shown in Fig. 10a-c the mass flux loading on the flames
was still largely dictated by the inlet mass flow rate (or equiva-
lently Rejy) and the catalytic surface conversion, as explained next.

Following homogenous ignition, the hydrogen gaseous combus-
tion zone was confined close to the catalytic walls. This has already
been shown in the optically accessible reactor measurements and
predictions (see Figs. 3 and 4) and was further evident from the
reaction rate isocontours in Fig. 10a-c. The confinement of the gas-
eous reaction zone near the wall, which was largely an outcome of
the low Lewis number of hydrogen (see also [31,34]), had profound
implications for the ensuing flame stability. As the flames were
aligned mostly parallel to the x-axis (for this, further consider that
the y-axis scale in Fig. 10 has been stretched by a factor of 25 in
comparison to the x-axis scale), flames with higher burning rates
could position themselves farther away from the wall, at locations
of higher radial hydrogen fluxes (dictated by the inlet flow rate and
the catalytic reactivity). Laminar burning rates computed for freely
propagating 1-D flames using the CHEMKIN package [54], have
been plotted as a function of pressure in Fig. 12 for two H,/air
equivalence ratios, ¢ =030 and 0.20, and two preheats,
T, =673 K and 773 K. This was to mimic the increase in mixture
preheat and drop in hydrogen content with increasing axial dis-
tance along the channel centerline (see temperature and H, mass
fraction profiles in Fig. 11).
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Fig. 11. Computed radial profiles of hydrogen mass fraction (solid lines) and
temperature (dashed-dotted lines) in a tubular channel with diameter of 1 mm, at
five selected axial positions. Hydrogen/air mixture with ¢ = 0.30, pressure 15 bar,
wall temperature T, =1350K, inlet temperature Tjy=673 K and mass flux
m = 42.4 kg/m? s (inlet velocity Uiy =6 m/s). The channel centerline is located at
r=0 and the gas-wall interface at r=0.5 mm.
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Fig. 12. Computed 1-D laminar burning rates as a function of pressure for ¢ = 0.30
and 0.20 H/air mixtures with upstream temperatures T, = 673 and 773 K.

For T, = 673 K and ¢ = 0.30, the burning rate at 15 bar was 34%
lower than the corresponding peak value at ~5 bar, while for
T, =673 K and ¢ =0.20 the burning rate at 15 bar was 73% lower
than the peak value at 1 bar; similar trends were apparent for
the higher preheat of T, = 773 K. The drop in laminar burning rates
at the higher examined pressures led to a push of the gaseous reac-
tion zone closer to the wall, wherein the radial hydrogen fluxes
were lower, then to an increased leakage of hydrogen through
the gaseous reaction zone and finally to catalytic conversion of
the escaped fuel at the wall. This was evident in Figs. 9a and 10b
and ¢ when comparing the 3.5and 15 bar cases. For distances
X > Xijg, the catalytic C conversion was very weak at 3.5 bar and
stronger at 15 bar (Fig. 9a), such that the radial hydrogen fluxes
practically vanished near the wall for the former case (see
Fig. 10Db for x > x;g). Analytical studies of gaseous combustion over
stagnation flow catalytic surfaces have reported a similar behavior
for limiting reactants with Lewis numbers less than unity [55].
Therein, a successive increase of the strain rate pushed the flame
against the wall, leading to catalytic fuel conversion of the leaked
fuel and finally to flame extinction. In the present channel-low
geometry the aerodynamic strain - as represented by the imposed
radial hydrogen fluxes - was the same at all pressures but the lam-
inar burning rate dropped considerably at the highest examined
pressures. It is emphasized that the gaseous burning rates were,
for all cases, not strong enough to drastically alter the hydrogen ra-
dial fluxes in the zones between the outer edge of the flame (de-
fined by the 10% reaction isocontour) and the channel centerline;
this was manifested by the radial hydrogen mass flux arrows in
Fig. 10a-c that had roughly the same magnitude. It is also clarified
that the foregoing ignition analysis in Section 4.2.1 and the present
propagation analysis were based on different characteristic tem-
peratures. For the ignition analysis (Fig. 8), higher temperatures
was relevant since homogeneous ignition was initiated close to
the hot wall, as shown by high activation energy analytical studies
[49,53]. On the other hand, lower temperatures were relevant for
the propagation characteristics, since the fresh mixture supplied
radially to the nearly horizontal flames originated from the chan-
nel centerline.

When the Lewis number of hydrogen, Ley,, was artificially set to
unity (by equating the diffusivity of H, to the mixture thermal dif-
fusivity), the flame moved farther away from the wall, as seen in
Fig. 10d for the 15 bar case. This resulted in a dominant gas-phase
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Fig. 13. Computed catalytic (C, dashed lines) and gas-phase (G, solid lines)
hydrogen conversion rates for a tubular channel with diameter d=1mm,
Tw=1350K, Tin = 673 K, inlet equivalence ratio ¢ = 0.30 and p = 15 bar. Gray lines:
normal transport properties for H; black lines: Lewis number of H, set to unity.

conversion for the 15 bar case, as also shown in Fig. 13. The in-
crease in Ley, augmented substantially the laminar burning rates
(e.g. for p=15bar and T,=673K by a factor of 2.7 at ¢ =0.30
and by a factor of 3.5 at ¢ = 0.20) due to the resulting rise of the
hydrogen concentration at the beginning of the reaction zone
[56], and at the same time led to higher amounts of hydrogen in
the near-wall zone due to the reduced catalytic conversion. The
latter could be seen from the 2-D hydrogen maps in Fig. 10c and
d. Note that in Fig. 10d the H; radial flux through the flame had
a peak value of 7.2 g/m?s, which was significantly higher than
the corresponding peak values in Fig. 10a-c. This happened despite
the fact that the radial hydrogen fluxes were, in the absence of gas-
eous reactions, considerably lower in Fig. 10d compared to
Fig. 10a-c due to the ensuing slower catalytic conversion. The
flame in Fig. 10d was strong enough to alter the fluid mechanical
and catalytically-induced radial hydrogen fluxes and to further
propagate to the channel center. It is finally noted that the intro-
duction of flame propagation characteristics to assess gas-phase
combustion behavior in catalytic channel-flow geometries had
not received proper attention in the past.

In summary, the significant suppression of gaseous combustion
at p > 8 bar and high preheats reflected the combined effects of
the reduced laminar burning rates at these pressures and also of
the high diffusivity of hydrogen that decreased the availability of
fuel in the near-wall hot region. This picture was consistent with
earlier hetero-/homogeneous combustion studies of methane
[57], whereby gas-phase combustion intensified with rising pres-
sure from 1 to 16 bar; methane was nearly diffusionally neutral
(Lecnsa ~ 1) and its burning rates p,S; increased with rising pres-
sure as p®°. It is further noted that the geometrical confinement
also affected the gaseous combustion behavior at high pressures:
for the same inlet mass flux m, smaller hydraulic diameter chan-
nels led to increased radial hydrogen fluxes towards the flame. This
was a main reason that, for the wider channel used in the experi-
ments, significant gas-phase combustion suppression was only ob-
served at p > 12 bar (see Figs. 4 and 6).

The lower mass flux cases (i1 = 1.1 kg/m? s, Fig. 9b) exhibited
qualitatively the same behavior as the higher mass flux cases in
Fig. 9a at p=1bar and p > 8 bar, when the reactor lengths in
Fig. 9a and b were scaled to the corresponding mass flux ratio.
For p > 8 bar the integrated G rate amounted to ~15% of the total
integrated hydrogen conversion. At the intermediate pressures of 2
and 3.5 bar (where larger G rates were predicted for the higher
max flux conditions in Fig. 9a), no plots have been given in
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Fig. 9b since the resulting lower inflow velocities led to flames an-
chored directly at x =0 such that a pure gas-phase microreactor
was established. This behavior would have led to flame flashback
in a practical burner.

For non-preheated mixtures (Tyy = 293 K) gas-phase conversion
was minimal for the gas-turbine mass flux of i = 42.4 kg/m? s and
Tw = 1350 K. Plots similar to Fig. 9a indicated that the integrated G
conversion amounted to less than 4% of the total hydrogen conver-
sion for all pressures, despite the fact that homogeneous ignition
occurred within the first 10 mm reactor length. The reason was
the further reduced mass burning rates at Tjy =293 K that could
not accommodate the imposed radial hydrogen fluxes, as explained
previously. For the microreactor mass flux i1 = 1.1 kg/m? s and for
Tin = 293 K, the integrated G conversions were again minimal (less
than 5% of the total integrated G conversions) for all pressures, ex-
cept for p = 3.5 bar whereby the flame anchored at x = 0.

Finally, it is noted that the hetero-/homogeneous radical cou-
pling had no appreciable impact on the aforementioned flame
behavior. It may have been thought that as the flame was pushed
against the wall at higher pressures, loss of radicals to the catalyst
surface would have led to a stronger suppression of gaseous com-
bustion. However, for the high wall and preheat temperatures in
Figs. 9 and 10, computations with and without the inclusion of rad-
ical adsorption and desorption reactions (OH, O and H) gave prac-
tically the same results in terms of G conversion at all pressures.

4.3. Impact of preheat and confinement on gaseous combustion

The observed significant suppression of gaseous combustion at
certain pressures had a significant impact on the reactor thermal
management. In practical reactors the wall temperature was not
uniform but locally varying as a result of the complex interplay be-
tween heat generation, heat redistribution mechanisms (heat con-
duction in the solid wall and in-channel surface radiation
exchange), and external heat losses [58]. Under such conditions,
it has been shown [31,34] that the presence of the near-wall
gaseous combustion zone reduced appreciably the superadiabatic
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Fig. 14. Computed hydrogen gaseous conversion (as a percentage of the total
conversion) in a tubular catalytic channel with d=1mm, for a ¢ =0.30 Hy/air
mixture, three wall temperatures, two inlet temperatures, and a constant mass flux
m =42.4kg/m?s.

surface temperatures, which were in turn driven by the catalytic
conversion of the low Lewis number hydrogen fuel. This was be-
cause the gaseous reaction zone shielded the catalyst from the
hydrogen-rich channel core and thus reduced the catalytic conver-
sion (see for example the 3.5 bar case in Fig. 10b and the corre-
sponding C conversion rate in Fig. 9a). In this respect, the
findings of the previous section (Figs. 9 and 10) suggested caution
when combusting hydrogen or hydrogen-rich fuels in catalytic
reactors either at atmospheric pressure or at elevated pressures
p > 8 bar, since the moderating effect of gaseous combustion on
the reactor wall temperature can be greatly reduced. The operating
conditions under which gas-phase chemistry became important in
catalytic systems was key input not only for practical reactor de-
sign but also for fundamental investigations of heterogeneous
combustion of hydrogen (or hydrogen-rich fuels). For the latter
studies, in particular, it was essential to recognize when gas-phase
chemistry should be included in the simulations so as to avoid fal-
sification of the modeled catalytic processes.

Detailed parametric numerical studies have been performed by
varying the mixture preheat, the wall temperature and the channel
geometrical confinement (size and type), for two different mass
fluxes and for an H,/air mixture with ¢ =0.30. Channel lengths
sufficient to ensure hydrogen conversions at least 99.5% at the out-
let have been used in all cases. Figure 14 provides the percentage
contribution of the gaseous pathway to the total (catalytic and
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Fig. 15. Computed threshold wall temperatures, T,, corresponding to 5% gaseous
hydrogen conversion as a function of pressure for a ¢ = 0.30 Hy/air mixture at five
different preheats and three catalytic channel diameters: (a) d=0.5 mm, (b)
d=1.0 mm, and (c) d = 2.0 mm. The mass flux is for all cases m = 42.4 kg/m? s.
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gaseous) hydrogen conversion as a function of pressure for a tubu-
lar channel with diameter d = 1 mm, three different wall tempera-
tures, two different preheats, and the gas-turbine-relevant mass
flux m = 42.4 kg/m? s. The operating conditions for which gas-
phase chemistry amounted to 5% of the total (catalytic and gas-
eous) hydrogen conversion have subsequently been delineated.
To accurately determine these limiting envelopes, successive sim-
ulations of the type shown in Fig. 14 were performed by increasing
the wall temperature at increments as fine as 5 K, while keeping all
other parameters constant. Threshold wall temperatures corre-
sponding to 5% gaseous hydrogen conversion are plotted in
Fig. 15 as a function of pressure for five different mixture preheats,
three channel diameters (d = 0.5, 1.0 and 2.0 mm) and a constant
mass flux m =424kg/m?s. For the higher pressure range
p > 8 bar, the threshold wall temperature required for achieving
5% gaseous conversion either remained constant or dropped with
rising pressure. This was not inconsistent with the suppression of
gaseous combustion at higher pressures reported in the previous
section, since the 5% gaseous conversion limit was low enough
such that the controlling factor was the ignition and not the prop-
agation characteristics.

For typical channels in practical honeycomb reactors with
d =1 mm, the limiting wall temperatures for 5% gaseous conver-
sion at p>2bar were T,<1354K when Txy=293K and
Tw < 1290 K when Ty = 773 K. Such wall temperatures were toler-
able by reactor materials and catalysts, suggesting that at elevated
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2000
1900 ~e- TN=203Ky
1800 —w- Tyy=573K f M7 LHAMS

1700
1600
1500
1400

—0— T|N=293 K

} =424 kg/m?s

1300 ¢ T T T T T

1650
1600
1550
1500
1450
1400
1350
1300
1250

Wall temperature T,,, (K)

1340
1320
1300
1280
1260
1240
1220
1200

Pressure (bar)

Fig. 16. Computed threshold wall temperatures, T,, corresponding to 5% gaseous
hydrogen conversion, as a function of pressure for a ¢ = 0.30 H/air mixture at two
different preheats and two mass fluxes: m = 42.4 kg/m? s (open symbols) and
m = 1.1 kg/m? s (filled symbols). Catalytic channel diameters: (a) d = 0.5 mm, (b)
d=1.0mm, and (c) d =2.0 mm.

pressure operation the gaseous pathway may not be ignored in
practical honeycomb reactors having individual channel diameters
d=1mm (corresponding to structures with ~400 cpsi, cells per
square inch). At atmospheric pressure and for d =1 mm, higher
wall temperatures in the range 1428-1604 K were required to
reach the 5% conversion threshold. As the channel diameter in-
creased, the limiting wall temperatures dropped (see Fig. 15) as a
result of the decreasing surface-to-volume ratio, which in turn pro-
moted the volumetric gaseous combustion against the surface cat-
alytic conversion. In particular, the limiting wall temperatures for
d =2 mm were in the range 1162 K < T, < 1334 K (Fig. 15c), sug-
gesting that for practical catalytic reactors using such channel
geometries (for example, honeycomb structures having ~100 cpsi)
gaseous combustion was not likely to be avoided at all pressures.
Threshold wall temperatures for the low flow rate
m = 1.1 kg/m? s relevant to microreactors are provided in Fig. 16
at two preheats and three channel diameters, and further com-
pared against the corresponding higher mass flux cases in
Fig. 15. For p > 2 bar, the computed wall temperatures for the low-
er mass flux cases were modestly lower compared to their higher
mass flux counterparts (by as much as 40K for d =0.5 mm, 18 K
for d=1.0mm, and 6K for d =2 mm). At atmospheric pressure
the differences were up to 230 K for the smaller diameter channel
d=0.5 mm and dropped to 42 K for d = 1.0 mm. This behavior was
due to the very small G conversion at atmospheric pressure (see for
example Fig. 9) and its resulting higher sensitivity on the particular
value of the wall temperature. For the larger diameter case
(d =2 mm, Fig. 16c) the reduced impact of geometrical confine-
ment led to threshold wall temperature differences between the
high and low mass flux cases of less than 18 K for all pressures.
Finally, the type of confinement - cylindrical versus planar
geometry — has been investigated in Fig. 17. Simulations are shown
for two preheats and two geometrical confinements (0.5 mm and
1.0 mm) corresponding to the full height (2b) or diameter (d) of
the channel. For pressures p > 3.5 bar the threshold wall temper-
ature differences between the two geometries were less than
22 K for the higher preheat case Tjy =573 K and less than 6 K for

(a) 0.5 mm confinement
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Fig. 17. Computed threshold wall temperatures, T,,, corresponding to 5% gaseous
hydrogen conversion, as a function of pressure for a ¢ = 0.30 Hy/air mixture at two
different preheats, two geometry types (tubular: open symbols, planar: filled
symbols) and a constant mass flux m = 42.4 kg/m? s. (a) 0.5 mm tubular channel
diameter or planar channel full height, and (b) 1.0 mm tubular channel diameter or
planar channel full height.
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Tin = 293 K. The corresponding differences were more pronounced
at p < 2 bar, reaching up to 225K at 1 bar. This was due to the
weaker confinement for the plane channel geometry (the hydraulic
diameter for a plane channel is twice the channel full height
Dy, = 4b, whereas for a cylindrical geometry Dy, = d). This led to a
smaller surface-to-volume ratio for the plane channel, which in
turn favored gaseous combustion. The more pronounced impact
at atmospheric pressure was exactly for the same reason described
in Fig. 16, i.e. the higher sensitivity of gaseous combustion on the
wall temperature at this pressure.

The graphs in Figs. 15-17 can be used for a first assessment
whether gas-phase combustion is important in various applica-
tions. Wall temperatures can be monitored with thermocouples
in gas turbine catalytic reactors, microreactors and laboratory reac-
tors or can be predicted with simplified models. The resulting wall
temperatures can then be compared to the threshold wall temper-
atures in Figs. 15-17.

5. Conclusions

The hetero-/homogeneous combustion of fuel-lean H,/0,/N,
mixtures over Pt was investigated experimentally and numerically
at pressures and preheats of up to 15 bar and 790 K, respectively,
which were relevant to gas turbine applications. In situ 1-D spon-
taneous Raman measurements and planar LIF of the OH radical
were applied in an optically accessible channel-flow rectangular
catalytic reactor with a height of 7 mm in order to monitor the cat-
alytic and gas-phase combustion processes, respectively. Simula-
tions were carried out to assess the performance of hetero-/
homogeneous kinetic schemes and to clarify the intricate pres-
sure/temperature dependence of the hydrogen homogeneous
kinetics and their coupling to transport. Additional simulations
were performed in practical channels with geometrical confine-
ments of 0.5-2 mm so as to evaluate the significance of gas-phase
chemistry at different pressures, temperatures and mass through-
puts. The following are the key conclusions of this study.

(1) The employed hetero-/homogeneous reaction schemes
reproduced the LIF-measured onset of homogeneous ignition
and the subsequent flame propagation in the catalytic chan-
nel, over the examined pressure, preheat and wall tempera-
ture ranges. Moreover, for the investigated conditions mass-
transport limited catalytic conversion of hydrogen was
attested by both Raman measurements and model
predictions.

(2) Measurements and predictions in the optically accessible
reactor indicated that even with modest preheats of 390 K,
appreciable gaseous combustion could be sustained for pres-
sures up to 10 bar, a range of interest for small-scale indus-
trial turbines and also for microturbine-driven portable
power generation systems. On the other hand, as pressure
increased above 10 bar the preheat requirements for signif-
icant gas-phase conversion raised appreciably. For p = 15 bar
(a pressure relevant for large gas turbines) even preheats up
to 758 K, typical to full load operation, were not adequate to
initiate significant gas-phase conversion.

(3) Simulations in practical geometrical confinements of 1 mm
were performed for mass fluxes relevant to both large-scale
gas turbines and microreactors. At such large confinements,
gas-phase combustion was altogether suppressed at atmo-
spheric pressure, wall temperatures as high as 1350K and
preheats up to 773 K. This was a result of the slower gaseous
ignition chemistry in combination with the increased hydro-
gen catalytic consumption over the elongated gas-phase
induction zone.

(4) While homogeneous ignition kinetics was crucial at atmo-
spheric pressure, flame propagation characteristics played a
key role for the establishment of flames at the higher pressure
range. The decrease in laminar burning rates at p > 8 bar led
to a push of the gaseous reaction zone close to the channel
wall, to a subsequent leakage of hydrogen through the gas-
eous reaction zone, and finally to catalytic conversion of the
escaped fuel at the wall. This process led to greatly reduced
gaseous hydrogen conversion for p > 8 bar, suggesting care
when designing gas turbine catalytic reactors for hydrogen
and hydrogen-rich containing fuels. The reason was the
beneficial impact of gaseous combustion in hydrogen-fueled
catalytic reactors by moderating the catalytically-induced
superadiabatic surface temperatures.

(5) For practical geometrical confinements of 1 mm and for
large mass fluxes typical to large-scale gas turbines, vigorous
gaseous combustion could be established for pressures
between 2 and 5 bar, for preheats as high as 773 K and wall
temperatures of 1350 K. Moreover, for lower mass fluxes rel-
evant to microreactors the same trends as in the higher mass
flux cases have been demonstrated for atmospheric pressure
and for the high-end pressure range p > 8 bar. For interme-
diate pressures, gaseous combustion was accelerated in the
microreactor leading eventually to flame flashback due to
reduced inflow velocities.

(6) Parametric studies have delineated the threshold wall tem-
peratures required for a 5% gas-phase hydrogen conversion,
as a function of mixture preheat, pressure, geometrical con-
finement and mass throughput. It was shown that for a range
of wall temperatures tolerable by most ceramic and metallic
catalytic reactor materials (T,, < 1350 K), gaseous combus-
tion could not be neglected for channel diameters d > 1 mm,
pressures p > 2 bar, and preheats Tjy > 293 K. Atp = 1 barand
for the previously mentioned operating conditions and geo-
metrical confinements, the threshold wall temperatures were
significantly higher, 1428 K < T,, < 1604 K. Ford > 1 mm the
threshold wall temperatures were only modestly reduced at
all pressures (by up to 42 K) when lowering the incoming
mass flux by a factor of ~40. Finally, the type of geometrical
confinement (tubular or plane channel) had a significant
impact only at atmospheric pressure and large geometrical
confinements (=0.5 mm).
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