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a b s t r a c t 

The hetero-/homogeneous combustion of fuel-rich H 2 /O 2 /N 2 mixtures (equivalence ratios ϕ = 2.5-6.5) 

was investigated experimentally and numerically in a platinum-coated channel at pressures p = 1- 

14 bar. One-dimensional Raman measurements of major gas-phase species concentrations over the cat- 

alyst boundary layer assessed the heterogeneous combustion processes, while planar laser induced fluo- 

rescence (LIF) of OH at pressures below ∼5 bar and of hot-O 2 at pressures above ∼5 bar (wherein OH-LIF 

was not applicable) determined the onset of homogeneous ignition. Simulations were carried out using a 

2-D code with detailed hetero-/homogeneous chemical reaction schemes and transport. Both Raman mea- 

surements and numerical simulations attested a transport-limited catalytic conversion of the deficient O 2 

reactant over the gas-phase induction zones. The agreement between measured and predicted homo- 

geneous ignition distances was better than 12%, thus establishing the aptness of the employed hetero- 

/homogeneous chemical reaction mechanisms. Analytical homogeneous ignition criteria revealed that the 

catalytic reaction pathway introduced a scaling factor 1/ p to the homogeneous ignition distances. This 

outcome, in conjunction with the intricate pressure dependence of the gaseous ignition chemistry of hy- 

drogen, yielded shorter homogeneous ignition distances at 14 bar compared to 1 bar. The practical impli- 

cation for gas turbine burners utilizing the catalytic-rich/gaseous-lean combustion concept was that the 

high operating pressures of such systems promoted the onset of homogeneous ignition within the cat- 

alytic module. Sensitivity analysis has finally identified the key catalytic and gaseous reactions affecting 

homogeneous ignition. 

© 2017 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

In large-scale power generation, hybrid concepts utilizing cat-

alytic (heterogeneous) and gas-phase (homogeneous) combustion

have attracted increased attention in the last years [1–3] . One such

concept is the catalytic-rich/gaseous-lean combustion, which was

originally developed for natural-gas-fueled turbines [3–5] . Therein,

part of the air is mixed with all of the natural gas, leading to

a reactive mixture with a fuel-rich stoichiometry. This mixture

undergoes catalytic partial oxidation (CPO) in a noble-metal-coated

catalytic reactor, producing syngas. The syngas products and the

unconverted reactants are subsequently mixed with the remaining

air, establishing an overall fuel-lean homogeneous combustion

zone downstream of the catalytic reactor [6] . 

The catalytic-rich/gaseous-lean combustion methodology has

the advantage of extended extinction limits [4,7] , single-digit NO x 

emissions and improved flame stability due to the high-hydrogen
∗ Corresponding author. 
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ontent of the gaseous combustible mixture [8] . Moreover, this

ethod is applicable not only to natural gas but also to hydro-

en and syngas fuels relevant to the current pre-combustion

O 2 capture technologies. For such fuels, the upstream catalytic

ombustion stage does not entail a CPO function but serves

s a preheater and stabilizer for the following homogeneous

ombustion zone. Integrated combustors based on the catalytic-

ich/gaseous-lean approach were developed in the past decade

or coal-derived syngas and also for hydrogen [4,9,6] . Finally,

hile hybrid hetero-/homogeneous combustion is one of the

ethods pursued in large-scale power generation, it is typically

he preferred route in microreactors. This is due to the associated

arge surface-to-volume ratios and also due to the suppression of

ndesirable flame instabilities [10–13] by coating the microreactor

alls with a catalyst [14,15] . 

Most of the past fundamental studies on hydrogen hetero-

homogeneous combustion focused on fuel-lean stoichiometries. In

erms of numerical simulations, the following works were reported

t fuel-lean stoichiometries. Bui et al . [16] simulated the atmo-

pheric pressure combustion of H 2 /air mixtures over Pt-coated

tagnation point flow surfaces, Meyet et al. [17] simulated the
. 

http://dx.doi.org/10.1016/j.combustflame.2017.02.033
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
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Nomenclature 

c p gas heat capacity 

Da g gas-phase Damköhler number, Eq. (4) 

b half-height of catalytic reactor, Fig. 1 

L length of catalytic reactor, Fig. 1 and Eqs. (2) , (3) , (5) 

Le k Lewis number of k -th gaseous species (thermal over 

mass diffusivity) 

p pressure 

Re IN inlet Reynolds number, Eq. (3) 

T IN inlet temperature of gas 

U IN inlet streamwise velocity, Eq. (3) 

ν′ , ν′′ vibrational quantum numbers of upper and lower 

state, Fig. 4 

W width of catalytic reactor, Fig. 1 

x, y, z streamwise, transverse, and spanwise coordinates, 

Fig. 1 

x ig homogeneous ignition distance, Figs. (6) and (9) 

Greek Symbols 

αth,IN thermal diffusivity of gas at inlet, Eq. (6) 

ζ ig normalized homogeneous ignition distance, Eq. (2) 

λ gas thermal conductivity, Eq. (6) 

μ gas dynamic viscosity, Eq. (3) 

ρ gas density, Eqs. (3) and (6) 

τ ch characteristic gas-phase chemical time, Eqs. (4) , 

(7) and (8) 

τ dif characteristic transverse diffusion time, Eqs. (4) and 

(5) 

τ ig ignition delay, Fig. 13 

ϕ hydrogen-to-oxygen equivalence ratio 

Subscripts 

IN inlet 

ombustion of H 2 /O 2 /N 2 /H 2 O mixtures in a Pt-coated channel at

tmospheric pressure, while Andrae and Björnbom [18] studied the

mpact of boundary conditions (Pt-coated versus chemically inert

alls) on the homogeneous ignition of H 2 /air mixtures. In terms of

xperiments, Appel et al. [19] applied laser-based measurements

f major and minor species concentrations across the boundary

ayer of a platinum-coated channel at atmospheric pressure and,

n conjunction with numerical simulations, assessed the validity

f various hetero-/homogeneous chemical reaction schemes for

uel-lean H 2 /air mixtures and the conditions leading to the onset

f homogeneous ignition. Mantzaras et al . [20] and Ghermay et

l . [21] extended the work of Appel et al . [19] to pressures up

o 15 bar, while Ghermay et al. [22] investigated the impact of

ater vapor addition on the combustion of fuel-lean H 2 /O 2 /N 2 /CO 2 

ixtures over platinum at moderate pressures up to 8 bar. 

For fuel-rich stoichiometries there have been fewer funda-

ental hetero-/homogeneous combustion studies of hydrogen.

ui et al. [16] investigated numerically not only fuel-lean but

lso fuel-rich H 2 /air stoichiometries. Maestri et al . [23,24] stud-

ed experimentally and numerically the atmospheric pressure

etero-/homogeneous combustion of fuel-rich H 2 /air mixtures in

 Rh-coated annular channel with a gap of 2.1 mm. Schultze et

l . [25] applied in situ Raman measurements and planar Laser

nduced Fluorescence (LIF) of the OH radical to evaluate the cat-

lytic and gas-phase combustion processes of fuel-rich H 2 /O 2 /N 2 

ixtures in a Pt-coated, 7-mm-height rectangular channel at

ressures up to 5 bar; the sharp drop of the OH-LIF signal with

ising pressure at rich stoichiometries precluded measurements

t p > 5 bar. More recently, we introduced the methodology of

H-LIF at pressures below ∼5 bar and of hot O -LIF at p > 5 bar to
2 
tudy homogeneous ignition of fuel-rich syngas mixtures over Pt

t pressures up to 14 bar [26] . However, investigations of hydrogen

etero-/homogeneous combustion at fuel-rich stoichiometries 

nd turbine-relevant pressures (up to 15 bar) applicable to the

atalytic-rich/gaseous-lean combustion methodology are still lack- 

ng. Hydrogen gas-phase chemistry exhibits intricate pressure

ependence [27] and its coupling with the catalytic pathway,

hich can have its own pressure dependence, has not been elabo-

ated in the past especially regarding the implications for the onset

f homogeneous ignition. Moreover, at fuel-rich stoichiometries

he Lewis number of the deficient reactant (oxygen) is larger than

nity and this can introduce large differences to the flame shapes

nd flame locations (and hence to the gaseous consumption of the

imiting reactant in the catalytic channel) compared to fuel-lean

toichiometries [19] where the Lewis number of the deficient

eactant (hydrogen) is less than unity. 

The present paper undertakes an experimental and numerical

nvestigation of the hetero-/homogeneous combustion character- 

stics of fuel-rich (equivalence ratios 2.5 ≤ ϕ ≤ 6.5) H 2 /O 2 /N 2 

ixtures at pressures of 1–14 bar. Experiments are performed in

n optically accessible, Pt-coated catalytic channel reactor with

 height of 7 mm and a length of 300 mm. 1-D Raman measure-

ents yield the major gas-phase species concentrations over the

atalyst boundary layer. Homogeneous combustion is monitored

ith planar LIF of the OH radical up to 5 bar and with planar LIF

f hot-O 2 at higher pressures. Simulations are carried out with an

lliptic 2-D code, which includes detailed catalytic and elementary

aseous chemical reaction schemes and detailed transport. 

A main objective is to provide validated hetero-/homogeneous

hemical reaction schemes at turbine-relevant pressures up to

4 bar. Heterogeneous reaction mechanisms, in particular, have not

een validated at such pressures. Furthermore, gas-phase reaction

echanisms have not been tested at the very large fuel-rich

toichiometries (hydrogen-to-air equivalence ratios ∼20), which

re attained at the locations of homogeneous ignition due to

he upstream catalytic depletion of the limiting oxygen reactant.

he validation is finally crucial given the chemical interactions

etween the catalytic and gaseous reaction pathways. Additional

bjectives are, by using the validated hetero-/homogeneous re-

ction mechanisms, to assess the impact of pressure on the

omogeneous ignition characteristics, to compare the flames

ormed under rich stoichiometries to those reported earlier at lean

toichiometries, and finally to study the hetero-/homogeneous

hemistry interactions at elevated pressures. 

This paper is organized as follows. The experimental and

umerical methodologies are presented in Sections 2 and 3 , re-

pectively. The assessment of homogeneous ignition with the two

mployed methodologies (OH-LIF and hot-O 2 -LIF) is elaborated

n Section 4.1 , while comparisons between measurements and

redictions in Sections 4.2 and 4.3 are used to assess the aptness

f the employed chemical reaction schemes. The impact of pres-

ure on homogeneous ignition along with a sensitivity analysis

dentifying the key catalytic and gaseous reactions affecting homo-

eneous ignition are discussed in Section 4.4 , and finally the main

onclusions are summarized in Section 5. 

. Experimental 

The experimental setup ( Fig. 1 ) has been described elsewhere

21] , such that only details relevant to the present study are given.

he test-rig consisted of: a) a high pressure, optically accessible

hannel-flow catalytic reactor, b) an optical setup for planar LIF

f OH and of hot-O 2 , and c) an optical setup for 1-D Raman

easurements of major gas-phase species concentrations across

he channel height. 
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Fig. 1. High pressure catalytic combustion test rig. All distances are in mm. 

Table 1 

Experimental conditions a . 

Case p ϕ U IN T IN H 2 O 2 N 2 

1 b 1 2.5 3.90 317 29.4 5.8 64.8 

2 b 1 6.5 4.67 306 73.2 5.7 21.1 

3 b 3 3.5 1.20 301 40.9 5.9 53.2 

4 b , c 3 6.5 1.48 296 73.2 5.7 21.1 

5 b 5 6.5 0.90 297 73.2 5.7 21.1 

6 c 6 2.5 0.63 302 35.7 7.1 57.2 

7 b , c 6 6.0 0.80 296 77.5 6.4 16.1 

8 c 9 2.5 0.43 303 38.4 7.7 53.9 

9 c 12 3.5 0.42 298 70.2 10.0 19.8 

10 c 14 2.5 0.32 298 55.4 11.1 33.5 

11 d 4 6.5 1.10 294 73.2 5.7 21.1 

12 d 9 3.5 0.43 297 50.0 7.1 42.9 

a Pressure p (bar), equivalence ratio ϕ, inlet velocity U IN 
(m/s), inlet temperature T IN (K), and volumetric compositions 

(%) of H 2 , O 2 and N 2 
b Cases with –OH-LIF measurements 
c Cases with O 2 -LIF measurements 
d Cases with Raman measurements 
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2.1. High pressure test rig 

Experiments were performed in an optically accessible catalytic

channel-flow reactor. The channel enclosure was formed by two

horizontal ceramic plates made of Si[SiC] and two vertical quartz

windows with a thickness of 3 mm (see Fig. 1 (b)). The Si[SiC]

plates had a length L = 300 mm (- x ), a width W = 104 mm (- z ),

and a thickness of 9 mm, and were placed at a distance 2 b = 7 mm

( -y ) apart. The inner Si[SiC] surfaces were firstly coated by a 1.5 μm

thick non-porous alumina layer (Al 2 O 3 ) and then by a 2.2 μm thick

Pt layer using plasma vapor deposition (PVD). The Al 2 O 3 layer

mitigated chemical interactions between Pt and Si. The 2.2 μm

thick platinum layer resembled a polycrystalline Pt surface, and

this was verified with total and active surface measurements using

BET (Kr-physisorption) and CO-chemisorption, respectively [28] . 

The reactor assembly was mounted inside a high-

pressure cylindrical steel tank, which was equipped with two

350 ×50 ×35 mm 

3 quartz side windows ( Fig. 1 (b)). Two additional

quartz windows at the rear tank flange and the reactor exhaust
 Fig. 1 (a)) provided an axial optical access for the LIF laser beams.

he outer Si[SiC] surfaces were heated by two adjustable-power

esistive coils over the length 100 mm < x < 300 mm in order to

ontrol the catalyst surface temperatures. S-type thermocouples

12 for each Si[SiC] plate), positioned along the x –y symmetry

lane ( Fig. 1 (a)) and embedded 0.9 mm beneath the catalyst,

onitored the surface temperatures. 

High-purity H 2 (99.995%), N 2 (99.998%) and O 2 (99.7%) gases

ere supplied by batteries and their flows were regulated by three

edicated Brooks mass flow controllers. Hydrogen was injected

ounterflow to the O 2 /N 2 mixture inside a 200-mm-long steel con-

cal section (which was specifically designed to mitigate autoigni-

ion of the pressurized reactive mixture) by means of eight 0.5-

m-diameter nozzles arranged horizontally along the z -direction

see Fig. 1 (a)). The conical section gradually adjusted its cross sec-

ional area from circular (35 mm diameter) to the final rectangular

hannel shape (104 ×7 mm 

2 ). The gases were mixed in a 3-mm-

hick mesh and two grids (0.4 ×0.4 mm 

2 open size) that ensured

ixture homogeneity and flow uniformity. Optimization of the

umber and axial positions of the mesh/grids was accomplished by

he following room temperature measurements performed at the

xit plane of the stand-alone conical unit: a) hot wire velocimetry

o assess flow uniformity, and b) planar LIF of NO (doped into

he hydrogen stream, excitation at 226.25 nm and detection at

40-265 nm) to assess the mixing quality of H 2 with O 2 /N 2 . 

Experiments were carried out at fuel-rich stoichiometries, with

ydrogen-to-oxygen equivalence ratios ϕ = 2.5–6.5. To control

omogeneous ignition at different pressures, a variable nitrogen

ilution was used, with the N 2 volumetric content ranging from

6.1% to 64.8% (see Table 1 ). The gas temperature at the reactor

nlet, T IN , was measured by a K-type thermocouple (marked as TC D 

n Fig. 1 (a)), whose bead was radiation-shielded by enclosing it

nside a 1.2-mm-ID and 2.0-mm-OD ceramic tube. The inlet veloc-

ties were U IN = 0.32-4.67 m/s, yielding laminar flows with incom-

ng Reynolds numbers 730-1149 based on the full channel height

 b = 7 mm and the inlet gas properties. It is noted that laminar

ow conditions were guaranteed even at considerably higher inlet

eynolds numbers ( ∼50 0 0) due to the strong flow laminarization

nduced by the heat transfer from the hot catalytic walls [29] . The

ressure was varied in the range 1-14 bar, while the inlet tempera-

ures were T IN = 294-317 K, due to a modest preheat of the conical

ixing section via conduction from the hot reactor. Three thermo-

ouples (TC A , TC B and TC C in Fig. 1 (a)) upstream of the channel

eactor monitored the gas temperature inside the mixing section. 

.2. Laser diagnostics 

.2.1. OH-LIF 

The optical setup for the planar OH-LIF is depicted in Fig. 2 .

 pulsed Nd:YAG laser (YG981E/IR-20 LC D4 LNE, 10 ns pulse

uration and 20 Hz repetition rate) was combined with a dye laser

Quantel TDL90 NBP2UVT3). The 532 nm second harmonic of the

d:YAG laser pumped a 10% (RhB/Rh6G) mixture dye and the

adiation output was frequency doubled to produce the excitation

eam at 282.93 nm with an energy of 2 mJ/pulse. The 282.93 nm

adiation excited the well-characterized Q 1 (6) band of the OH

lectronic transition A 

2 	 ( ν = 1) ← X 

2 
 ( ν′ = 0). A cylindrical

ens and a slit mask created a collimated light sheet approximately

00 μm thick, which propagated counterflow along the reactor’s

 –y symmetry plane (see Fig. 2 ). 

Fluorescence was collected at 90 ° with respect to the incoming

aser beam with an ICCD camera (LaVision Imager Compact HiRes

RO, 1392 ×1024 pixels). The camera was equipped with appro-

riate filters to collect fluorescence from the OH (1–1) and (0–0)

ands at wavelengths between 308 and 314 nm. Channel areas of

00 ×7 mm 

2 (in x - y ) were recorded on 628 ×44 pixels of the CCD
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sure tank Traversable

optical table
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(Raman)
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Fig. 2. Optical setups for the planar OH-LIF, planar O 2 -LIF and 1-D Raman. All dis- 

tances and focal lengths are in mm. 

Fig. 3. Computed equilibrium OH mole fraction as a function of pressure at two 

H 2 /air equivalence ratios (lean ϕ = 0.39 and rich ϕ = 5.06) with the same adiabatic 

equilibrium temperature and initial temperature of 673 K. 
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Fig. 4. Simplified energy level diagram with the selected electronic transition for 

excitation ( λe ), and the observed fluorescence wavelengths ( λf ) for hot O 2 -LIF mea- 
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etector chip, leading to a 160 μm/pixel spatial resolution. The

amera was traversed axially to record the entire channel length.

o increase the signal-to-noise ratio in the present stationary

perating conditions, 1200 OH-LIF images were averaged at each

easuring axial location. 

While the OH radical is a commonly-used marker for gaseous

ombustion, OH-LIF does not suffice at elevated pressures and rich

 2 /O 2 stoichiometries [25] . Figure 3 provides the computed equi-

ibrium mole fraction of OH ( X OH , calculated with the equilibrium

ode of Chemkin [30] at constant pressure and total enthalpy) as

 function of pressure for a lean ( ϕ = 0.39) and a rich ( ϕ = 5.06)

toichiometry; X OH is normalized by the corresponding values

t 1 bar (for absolute values, see inset in Fig. 3 ). The initial gas

emperature in the equilibrium simulations was 673 K, while the

pecific lean and rich equivalence ratios were selected to yield

early the same adiabatic equilibrium temperature ( ≈ 1726 K). For

he rich stoichiometry the OH mole fraction dropped faster with

ising pressure and, moreover, the absolute X OH was substantially

ower. The low OH concentrations negated the use of OH-LIF at

ich stoichiometries and elevated pressures. Already when increas-
ng the pressure from 3 to 6 bar, the OH-LIF signal dropped rapidly

nd fell below the detection limits at higher pressures. 

.2.2. O 2 -LIF 

O 2 -LIF for flame imaging has been reported in [31–33] , while

ts application to hetero-/homogeneous systems was demonstrated

n our earlier study of fuel-rich syngas/air combustion over Pt at

levated pressures [26] . Radiation at 225.06 nm was used to excite

he R(19) line of the B ← X ( v’ = 2, v”= 4) transition of the O 2 

olecule. Fluorescence was collected at 90 ° from the B → X (2 −n ,

 = 8, 9, 10) transitions at wavelengths between 260 and 290 nm.

implified electronic transition excitation and fluorescence detec-

ion schemes are shown in Fig. 4 . Excitation at 225.06 nm offered

n advantage, as it could be produced by mixing the radiation at

283 nm (which was already available from the OH-LIF excitation)

ith the fundamental 1064 nm radiation of the Nd:YAG laser. 

The 225.06 nm radiation (energy ∼0.5 mJ/pulse) was trans-

ormed into a vertical light sheet propagating counterflow on

he same plane as the OH-LIF beam (see Fig. 2 ). Similar to the

H-LIF, the imaged area on the CCD camera was 100 ×7 mm 

2 .

our dielectric reflection filters (Laser Optik GmbH) and additional

olored glass filters were used to eliminate unwanted background

ignals and to improve the signal-to-noise ratio. Typically 1200

 2 -LIF images were averaged at each measuring position. 

To ensure that only O 2 molecules were excited without inter-

erence from other species, Fig. 5 (a) provides the measured (in an

tmospheric pressure, propane-fueled Bunsen burner at a temper-

ture of 1800 K) excitation spectrum of the Schumann-Runge O 2 

and transition in the range 225.01-225.19 nm, which naturally

ontained contributions from other species (notably NO). Simu-

ated excitation spectra of O 2 and of the NO (A 

2 	 ← X 

2 
) band

which can overlap with O 2 ), obtained using the LIFsim package

34] at the same pressure and temperature are also shown in

ig. 5 (a). The selected R(19) line minimized interferences from

djacent NO lines, as predicted from the LIFsim [34] . Additional

IFsim predictions have verified that the R(19) line was unaffected

y NO interferences at pressures up to 14 bar. 

The plot of the O 2 -LIF signal as a function of the laser energy

n Fig. 5 (b) has a slope of 0.9 ± 0.1 over a wide range of laser in-

ensities ( ∼0.1–10 mJ), implying that no saturation effects had to

e considered. Contrary to the case of OH-LIF, at low pressures the

redissociation of the excited state of O 2 was so fast that quench-

ng effects remained negligible. However, at elevated pressures
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Fig. 5. (a) Measured and simulated O 2 -LIF spectra at p = 1 bar and T = 1800 K. 

The simulated NO excitation spectrum, which can overlap with O 2 , is also shown 

under the same conditions. The selected R(19) line is marked by an arrow. Simula- 

tions are performed using LIFsim [34] . (b) log–log plot of fluorescence signals of O 2 
molecules versus the UV laser energy. 
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(above approximately 12 bar) collisional processes became impor-

tant, such that the collisional quenching of the excited state as well

as the O 2 predissociation rate had to be considered for a quantita-

tive analysis. Since goal of the present study was to only identify

the flame location, quantification of O 2 -LIF was not necessary. 

For pressures above ∼5 bar the OH-LIF signal-to-noise was too

low for detection due to low concentration and line broadening.

On the other hand, the predissociative nature of O 2 molecules was

beneficial for high pressure O 2 -LIF (i.e. p > 5 bar), as it masked all

effects of collisional quenching below ∼12 bar. The linear increase

of concentration with pressure at constant mole fraction led to

an increase of the signal. Consequently, the O 2 -LIF signal abruptly

overtook the OH-LIF signal above about 5 bar. 

2.2.3. Raman measurements 

To assess the catalytic processes preceding the onset of ho-

mogeneous ignition, measurements of major gaseous species

concentrations were performed using the Raman technique. For

this purpose, a frequency-doubled pulsed Nd:YLF laser (Quantronix

Darwin-Duo 80), with a pulse energy of 43 mJ at 526.5 nm was

employed (see Fig. 2 ). The pulse duration and repetition rate

were 130 ns and 2 kHz, respectively. A cylindrical lens with a focal

length of 150 mm focused the 526.5 nm laser beam into a vertical

line with a thickness of 300 μm. The focal line spanned the entire

7 mm channel height and was offset laterally ( z -direction) from

the x-y symmetry plane by 15 mm, leading to a sufficiently large

collection solid angle for the scattered light. 

The Raman-scattered light was collected at a 50 ° angle via two

broadband antireflection coated lenses (75-mm diameter, focal

lengths of 300 mm) and was focused to the 25 μm slit of a 25 cm

spectrometer (Chromex-250i), which was equipped with an inten-

sified CCD camera (Princeton Instruments PI-MAX1024GIII). The

Nd:YLF laser, the sending/collecting optics and the spectrometer

were all mounted on a traversable optical table, allowing mea-

surements over the initial 150 mm axial extent of the reactor. To

increase the signal-to-noise ratio, Raman-scattered light from up
o 30 0,0 0 0 laser pulses was integrated on the detector chip. The

024 ×256 pixel CCD dimensions corresponded to spectral shift

nd transverse position, respectively. The 7 mm channel height

orresponded to 210 pixels, which were subsequently binned to

3. Raman cross-sections were evaluated by recording signals

f known composition H 2 /O 2 /N 2 mixtures under non-reactive

sothermal conditions at the beginning of the catalytic channel.

etails about the Raman measurements can be found in our

revious studies [21,26] . 

. Numerical 

Numerical simulations were carried out using the 2-D steady

FD code of PSI, described in previous works [35, 28, 21] . The

00 ×7 mm 

2 reactor domain was discretized by 2600 ×68 grid

oints (in - x and - y , respectively, with uniform spacing in –x

nd finer spacing towards the walls in –y ). The x -direction had

 coarser resolution (115 μm), but it was sufficient to resolve the

nsuing flames: the thermal flame thicknesses, calculated using

he 1-D Premix code of Chemkin [36] (see further discussion

n Section 4.1 ) and defined as the lengths encompassing 5–95%

f the temperature rise, ranged from 565 to 980 μm. Uniform

nlet species mass fractions, temperature and axial velocity were

mposed at the entry and zero Neumann boundary conditions

ere applied at the exit. The energy boundary conditions at the

pper and lower channel walls were prescribed axial temperature

rofiles, constructed by fitting a curve through the twelve thermo-

ouple measurements on each plate. The governing equations have

een presented elsewhere [21] and are not repeated here. 

The detailed mean-field reaction mechanism for the oxidation

f hydrogen on platinum by Deutschmann et al . [37] was used

14 reactions, 9 surface and 5 gas-phase species, surface site

ensity of 2.7 ×10 −9 mol/cm 

2 ) along with the elementary gaseous

eaction mechanism by Li et al . [38] (21 reversible reactions and 9

pecies). Catalytic and gaseous reaction rates were evaluated with

urface-Chemkin [39] and Chemkin [40] , respectively. Mixture-

verage diffusion including thermal diffusion for the light species

as used, with transport parameters assessed from the Chemkin

ransport database [41] . 

. Results and discussion 

The assessment of homogeneous ignition with the two LIF

echniques is discussed first, comparisons of measurements and

redictions follow, the heterogeneous and homogeneous combus-

ion processes are subsequently elaborated, and finally the impact

f pressure on homogeneous ignition is addressed. 

.1. Assessment of homogeneous ignition with OH-LIF and hot O 2 -LIF 

Comparisons between measured OH-LIF and O 2 -LIF signals and

redicted OH and hot O 2 mole fraction distributions are shown

n Fig. 6 for Cases 4 and 7 referring to moderate pressures of 3

nd 6 bar, respectively, where both types of LIF measurements

ere possible. The measurements in Fig. 6 were constructed using

00–mm–long, partially overlapping images, either for OH-LIF or

ot-O 2 -LIF. 

To facilitate comparisons between the LIF-measured and nu-

erically predicted hot O 2 , the Boltzmann distribution was used

o derive the fraction of hot O 2 molecules in the excited level ( ν ’

 4). This was in turn proportional to the temperature and the

nergy separation ( �ε) from the lower vibrational energy level

 ν ’ = 0), which was �ε = 0.744 eV [42] . Assuming a molecular par-

ition function over all energy states equal to 1, the fraction of O 2 

olecules in the excited sate was given by n O2 /N = exp(- �ε/K B T ),

ith K the Boltzmann constant and T the gas temperature. 
B 
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Fig. 6. Planar LIF measurements of: (a1) OH, (b1) hot-O 2 , (c1) superposition of 

OH/hot-O 2 LIF. Simulations: (a2) OH (color bar in ppmv), (b2) hot-O 2 (color bar 

in ppmv) and (c2) superposed OH/hot-O 2 . Results are shown for Case 4 ( p = 3 bar, 

ϕ = 6.5) and Case 7 ( p = 6 bar, ϕ = 6.0) in Table 1 . The vertical arrows marked x ig 
indicate the homogeneous ignition locations. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article). 
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Fig. 7. (a) Measured axial profiles of OH-LIF and hot-O 2 -LIF signals, and (b) pre- 

dicted axial profiles of OH and hot-O 2 along the mid-plane ( y = 3.5 mm) for Case 4 

in Fig. 6 . The symbols indicate the 50% rise of OH (circles) and of hot-O 2 (triangles). 

For clarity, OH is divided by 6. 

Fig. 8. Computed 1-D laminar flame structure at fuel-rich compositions and pre- 

heats, mimicking Cases 4 and 7 in Table 1: the O 2 , OH, H 2 , hot-O 2 mole fractions 

and the temperature are plotted. (a) p = 3 bar, T = 723 K, ϕ = 10.5 (b) p = 6 bar, 

T = 873 K, ϕ = 13.4. Triangles and circles denote the far-upstream positions where 

OH and hot-O 2 rose to 50% of their peak flame values, respectively. 

 

5  

a  

t  

s  

v  

t  

t  

h  

(  

F  

t  
The homogeneous ignition locations in Fig. 6 were denoted by

ertical arrows marked x ig . In the OH-LIF images, x ig were defined

s the far-upstream locations along the channel mid-plane ( y =
.5 mm) where the OH-LIF signal rose to 50% of the maximum

id-plane value. Likewise, homogeneous ignition in the O 2 -LIF im-

ges was defined as the far-upstream location along the mid-plane,

here the O 2 -LIF signal rose to 50% of its maximum mid-plane

alue. The same homogeneous ignition definitions were also

pplied to the simulations of Fig. 6 , using the predicted OH and

ot-O 2 mole fractions. The above definitions yielded similar ho-

ogeneous ignition distances for the two employed LIF techniques

s shown in Fig. 7 , referring to Case 4 in Fig. 6 . Characteristically,

he measured 50% rise of OH and hot-O 2 LIF signals along the

id-plane differed in Fig. 7 (a) by less than a pixel (160 μm/pixel

esolution), while the simulations in Fig. 7 (b) had a corresponding

ifference less than the axial numerical resolution of 115 μm. 

The definition of homogeneous ignition using either OH or

 2 has been further elaborated by computing with a high res-

lution the laminar flame structure of rich hydrogen flames in

ig. 8 , using the 1-D Premix package of Chemkin [36] . The plots

n Fig. 8 emphasized the flame parts around the peaks of OH

nd hot-O 2 , while the simulation conditions mimicked Cases

 and 7, respectively. To this purpose, the initial temperatures

nd equivalence ratios for the 1-D flame simulations were taken

rom the 2-D simulations of Cases 4 and 7 just upstream of the

gnition locations x ig (these quantities were averaged over the

-mm channel height). Note that the depletion of the limiting O 2 

eactant by the catalytic pathway over the gaseous induction zone

 ≤ x < x ig resulted in richer equivalence ratios just upstream of

 ig compared to those at the channel entry given in Table 1 (from

ll cases in Table 1 , the highest equivalence ratio just upstream of

omogeneous ignition was 19.8). Similarly, the heat transfer from

he hot catalytic walls over the gaseous induction zone augmented

he mixture preheat. The hot O 2 , derived from the Boltzmann

istribution according to the procedure discussed at the beginning

f this section, is also plotted in Fig. 8 . 
The upstream location of 50% OH rise (circles in Fig. 8 ) and of

0% hot-O 2 rise (triangles in Fig. 8 ) differed by 45 μm in Fig. 8 (a)

nd by 2 μm in Fig. 8 (b), i.e. lengths corresponding to 1.3–28.1% of

he experimental pixel resolution. The agreement between mea-

ured and predicted homogeneous ignition positions in Fig. 6 was

ery good (either using the OH or the hot-O 2 methodology), and

he same applied for the 2-D OH distributions. On the other side,

he measured hot-O 2 mole fraction distributions upstream of

omogeneous ignition were somewhat broader in the transverse

- y ) direction than the corresponding simulations (e.g. compare

igs. 6 (4b1) and 6(4b2) or Figs. 6 (7b1) and 6(7b2)). Nonetheless,

his was not a crucial issue as the present work focused on the
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Fig. 9. (1a, 2a, 3a, 5a) OH-LIF and (1b, 2b, 3b, 5b) predicted (ppmv) OH distribu- 

tions for 1 ≤p ≤ 5 bar, Cases 1, 2, 3 and 5 in Table 1 . (6a, 8a, 9a, 10a) hot-O 2 -LIF and 

(6b, 8b, 9b, 10b) predicted (ppmv) hot-O 2 distributions for 6 ≤ p ≤ 14 bar, Cases 6, 

8, 9 and 10 in Table 1 . Vertical arrows marked x ig denote the homogeneous igni- 

tion locations. (For interpretation of the references to color in this figure legend, 

the reader is referred to the web version of this article). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2 

Homogeneous ignition distances a . 

Case p ϕ x ig,exp x ig,sim �x ig (%) d 

1 b 1 2.5 136 124 + 8.8 

2 b 1 6.5 185 178 + 3.8 

3 b 3 3.5 131 126 + 3.8 

4 b , c 3 6.5 180 172 + 4.4 

5 b 5 6.5 264 284 −7.5 

6 c 6 2.5 192 186 + 3.1 

7 b , c 6 6.0 254 264 −3.9 

8 c 9 2.5 227 229 −0.9 

9 c 12 3.5 198 208 −5.1 

10 c 14 2.5 147 130 + 11.6 

a Measured ( x ig,exp ) and simulated ( x ig,sim ) homogeneous ignition 

distances (mm) for Cases 1-10 ( p in bar) 
b Cases with –OH-LIF 
c Cases with O 2 -LIF 
d Percent difference �x ig = 100 ×( x ig,exp – x ig,sim )/ x ig,exp 
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location of homogeneous ignition, which could be unambiguously

defined experimentally as discussed previously. 

4.2. Comparisons between LIF measurements and numerical 

predictions 

Comparisons between measured and predicted 2-D distribu-

tions of the OH radical (1 ≤ p ≤ 5 bar) and of the hot-O 2 (6 ≤ p ≤
14 bar) are shown in Fig. 9 for those cases in Table 1 where only

one LIF technique has been applied. Due to small temperature

differences between the upper and lower wall surfaces induced

by small differences in the power of the two resistive heaters

(typically ±10 K, as shown by the measured wall temperature

profiles in Fig. 10 ), the flame shapes were modestly asymmetric

with the asymmetry being more pronounced at p = 1 bar (see

Figs. 9 (1a) and 9(2a)). 

The simulations reproduced the flame asymmetry as shown

in Fig. 9 (1b) and 9(2b) and they also captured the onset of

homogeneous ignition. Computed and measured homogeneous

ignition distances are compared in Table 2 for all cases with LIF

measurements; the differences between measured and predicted

homogeneous ignition distances ranged from 0.9% to 11.6%, thus

establishing the aptness of the employed hetero-/homogeneous

chemical reaction mechanisms at fuel-rich stoichiometries and

pressures up to 14 bar. 

The hetero-/homogeneous combustion processes are further

elaborated in Fig. 10 , providing streamwise profiles of the com-

puted catalytic ( C ) and gaseous ( G ) hydrogen conversion rates

for all cases with LIF measurements. The C rates referred to the

combined contribution of the two catalytic channel walls, while
he G rates were constructed by integrating the volumetric hydro-

en gaseous reaction rates over the entire 7-mm channel height.

easured temperature profiles of the upper and lower walls are

lso shown in Fig. 10 . 

The G conversion profiles extended axially over a length of a

ew mm only, with the exception of Cases 1 and 2 (axial extents

20–30 mm, see Fig. 9 ). This was due to the more pronounced

ame asymmetry of these cases, along with the definition of G

s the transversely-integrated (over the 7 mm channel height) hy-

rogen gaseous reaction rate. The rise of the G conversion profiles

losely corresponded to the location of homogeneous ignition, as

ndicated by the arrows marked x ig in Fig. 10 (computed from

he 50% rise of OH or hot-O 2 ), except for Cases 1 and 2 that had

tronger flame asymmetries. 

The narrow axial extent of the G profiles in Fig. 10 was in

tark contrast to hydrogen hetero-/homogeneous combustion at

uel-lean stoichiometries [19, 21] , whereby the G conversion rates

ersisted over the entire post-ignition length x > x ig . This was due

o the low Lewis number of hydrogen at fuel-lean stoichiometries

n air ( Le H2 ∼ 0.3): hydrogen was transported more efficiently from

he channel core towards the hot walls than heat was transported

way from the hot walls, thus confining the gaseous combus-

ion zone close to the catalytic walls and suppressing transverse

ame propagation [19] . However, in fuel-rich stoichiometries the

eficient oxygen reactant had a Lewis number larger than unity

 Le O2 ∼ 1.7–2.2 for the compositions in Table 1 ) leading to the

ormation of closed flames extending transversely over the entire

hannel height. This flame behavior was similar to that observed

n fuel-lean hetero-/homogeneous combustion of hydrocarbons in

ir, where the Lewis number of the deficient fuel was equal to or

reater than unity (methane [43] , propane [44] and ethane [45] ). 

The surface coverage profiles for six selected cases in

able 1 are presented in Fig. 11 . The surface was mainly covered

y Pt(s) and H(s), the latter due to the high sticking coefficient

f H 2 on Pt [37] and the continuous presence of the excess H 2 

eactant over the entire catalyst length. The large Pt(s) coverage

lready from x ≈ 0 manifested that the catalytic reactions were

lready ignited at the beginning of the catalytic channel. Finally,

he minor surface coverages were O(s) and OH(s) in all cases. 

.3. Catalytic processes preceding homogeneous ignition 

While assessing the gaseous kinetic model by comparing

IF-measured and predicted homogeneous ignition positions in

ig. 9 , it was essential to ensure that the preceding catalytic

rocesses over the gaseous induction zones 0 ≤ x < x ig were

ccurately reproduced by the heterogeneous kinetic scheme. This

as a principal requirement, since an incorrect prediction of the

atalytic reactant depletion over 0 ≤ x < x ig could greatly impact
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Fig. 10. Computed streamwise profiles of catalytic ( C, solid lines) and gas-phase ( G, dashed lines) hydrogen conversion rates for Cases 1–10. Thermocouple wall measure- 

ments (upper wall: circles; lower wall: triangles) and fitted temperature profiles through the thermocouples. Vertical arrows marked x ig denote the homogeneous ignition 

locations. 

Fig. 11. Computed streamwise profiles of surface coverage for six selected cases in 

Table 1 . Solid lines: upper wall, dotted lines: lower wall. 
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Fig. 12. Raman-measured (symbols) and simulated (lines) transverse profiles of 

H 2 O, O 2 and H 2 mole fractions for Cases 11 and 12 in Table 1 at three axial po- 

sitions: (a) x = 21 mm, (b) x = 36 mm, and (c) x = 51 mm. For clarity the hydrogen 

mole fractions have been divided by 4 and 3 in Cases 11 and 12, respectively. 
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t  
he location of homogeneous ignition [46] . This key requirement

as further compounded by the existence of infinite combinations

f catalytic and gaseous reactivities yielding exactly the same

omogeneous ignition distance [46] . To this purpose, the compar-

son between Raman measurements and predictions removed any

ncertainty stemming from the catalytic reaction pathway that

ould potentially falsify the evaluation of gaseous kinetics. 

Raman-measured and numerically predicted transverse profiles

f H 2 , O 2 and H 2 O mole fractions are compared in Fig. 12 for

ases 11 and 12 in Table 1 at three axial positions. For clarity, up

o 22 Raman data points (out of the total 63 points) are shown

or each transverse profile in Fig. 12 . The predictions in Fig. 12 in-

icated a nearly transport-limited catalytic conversion for the

eficient reactant O , as manifested by the practically vanishing
2 
oncentrations of O 2 near both catalytic walls ( y = 0 and 7 mm).

his behavior was also attested by the measurements, despite the

ack of Raman data closer than 0.7 mm to the catalytic walls. The

easured transverse profiles of the reactants H 2 and O 2 and of

he product H 2 O were well reproduced by the numerical model at

ll axial positions for the two cases in Fig. 12 , demonstrating that

he catalytic reaction mechanism was suitable for the investigated

ich stoichiometries and elevated pressures. 

.4. Impact of pressure on homogeneous ignition 

To understand the impact of pressure on homogeneous igni-

ion, the sole gas-phase ignition characteristics of hydrogen were
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Fig. 13. Ignition delays of fuel-rich H 2 /air mixtures computed in a constant pres- 

sure batch reactor, as a function of pressure with parameter the initial temperature. 

Equivalence ratios ϕ = 2.5 (circles) and 6.5 (triangles). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14. Predicted OH distributions for the nominal Case 4 in Table 1 ( ϕ = 6.5, p IN 
= 3 bar, U IN = 1.48 m/s) and for the same case at modified pressures and inlet ve- 

locities U IN,mod =U IN ×( p / p mod ). Color bar indicates OH in ppmv, where the minimum 

is zero and the maximum is: 1 bar: 49.0, 1.5 bar: 46.0, 2 bar: 39.4, 3 bar: 25.3, 6 

bar: 11.0, 9 bar: 7.3, 12 bar: 5.2 and 14 bar: 4.2. (For interpretation of the refer- 

ences to color in this figure legend, the reader is referred to the web version of this 

article). 

Fig. 15. Predicted ignition distances as a function of pressure for nominal Cases 3, 

4 and 6 in Table 1 . The nominal pressures p IN and inlet velocities U IN were modi- 

fied such that U IN,mod =U IN ×( p / p mod ). In every case, the inlet Reynolds number Re IN 
( Eq. (3) ) was constant. 
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firstly investigated, without the inclusion of catalytic reactions.

Ignition delays, τ ig , were computed in a constant pressure ho-

mogeneous batch reactor using the Senkin package of Chemkin

[47] . The ignition delays were defined as the inflection points in

the temperature versus time histories. Initial temperatures for the

batch reactor simulations were in the range T o = 10 0 0–1150 K, in

order to mimic the highest wall temperatures over the gaseous

induction zones 0 ≤ x < x ig in the catalytic channel that preheated

the reacting gas; these peak wall temperatures ranged from 995

to 1155 K (see Fig. 10 ). Computed ignition delays as a function

of pressure with parameter the initial temperature are plotted in

Fig. 13 for two fuel-rich equivalence ratios ( ϕ = 2.5 and 6.5). 

For the lowest T o = 10 0 0 K, the ignition delays increased

rapidly with rising pressure up to ∼3 bar and then changed mod-

estly for p ≥ 3 bar. For 1050 K ≤ T o ≤ 1150 K, the ignition delays

initially decreased monotonically with rising pressure, reached a

minimum at a critical pressure p cr , and afterwards increased for

p > p cr . The critical pressure p cr increased with increasing initial

temperature (for ϕ = 2.5, p cr was 1.75 bar at T o = 1050 K and

4.25 bar at T o = 1150 K, while for ϕ = 6.5 it was 1.5 bar at T o
= 1050 K and 4.0 bar at T o = 1150 K). This rich non-monotonic

behavior of hydrogen gas-phase ignition chemistry as a function

of pressure reflected the second and third explosion limits of

hydrogen and was an outcome of the competition between the

chain branching step H + O 2 ⇔ O + OH, the chain terminating step

H + O 2 + M ⇔ HO 2 + M, and also of the chain branching sequence

HO 2 + H 2 ⇔ H 2 O 2 + H and H 2 O 2 + M ⇔ 2OH + M that overtook the

stability of the HO 2 radical at higher temperatures [27] . 

The impact of pressure on the homogeneous ignition charac-

teristics in the presence of catalytic reactions was subsequently

evaluated. The experimental conditions in Table 1 did not allow for

direct assessment of the effect of pressure on homogeneous igni-

tion since the wall temperature profiles could not be held constant

(they largely depended on the reactive mixture exothermicity).

For this reason, additional hetero-/homogeneous combustion sim-

ulations were carried out for selected cases in Table 1 , whereby

for each case the wall temperatures were kept the same as in

Fig. 10 and the inlet conditions were the same as in Table 1 with

the exception of the pressure and inlet velocity. The pressure was

then artificially altered from its nominal value in Table 1 to values

in the full range 1–14 bar, while the inlet velocity was scaled as

U IN ∼ 1/ p in order to maintain, irrespective of pressure, the same

mass throughput per unit channel width (2 b ρ IN U IN ), and the same

inlet Reynolds number (which will be henceforth based on the

channel half-height b ). This was necessary to facilitate forthcom-
ng comparisons of the simulations with analytical homogeneous

gnition criteria derived for catalytic channels. 

Computed distributions of the OH radical for the nominal Case

 in Table 1 and for the same case at modified pressures and inlet

elocities U IN,mod =U IN ×( p / p mod ) are illustrated in Fig. 14 . Since

ig. 14 pertained only to simulations, the OH radical was used

o define homogeneous ignition over the entire pressure range.

he ignition distances exhibited a non-monotonic dependence on

ressure, which is clarified below. Predicted homogeneous ignition

istances as a function of pressure are plotted in Fig. 15 for the

ominal Case 4 in Fig. 14 and also for the corresponding nominal

ases 3 and 6. In the absence of the catalytic reaction pathway,

he shapes in Fig. 15 should have exhibited the same traits as the

hapes in Fig. 13 since x ig ∼ τ ig . However, there are qualitative

ifferences between Figs. 13 and 15: a) in the high pressure range

 bar < p ≤ 14 bar the τ ig either dropped modesty or increased

ith rising pressure, while x ig always dropped with rising pressure

 Fig. 15 ), and b) while the τ ig at p = 14 bar were always longer

han those at p = 1 bar (see Fig. 13 ), this was not always the case

or x ig (see e.g. Cases 4 and 6 in Fig. 15 ). The second point was

articularly important for large-scale power generation systems as

t suggested that homogeneous ignition could be promoted at gas-
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Fig. 16. Ignition delays divided by pressure for fuel-rich H 2 /air mixtures computed 

in a constant pressure batch reactor, as a function of pressure with parameter the 

initial temperature. Equivalence ratios ϕ = 2.5 (circles) and 6.5 (triangles). 
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urbine relevant pressures ( p ∼ 15 bar) compared to atmospheric

ressure applications. 

To understand the differences between Figs. 13 and 15 , the

atalytic pathway had to be accounted for. To this direction,

he dependence of the homogeneous ignition distance on the

ontrolling chemical, flow, transport and geometrical parameters

ill be discussed below. We have developed analytical homo-

eneous ignition criteria for catalytic channel-flow combustion,

nitially for transport-limited catalytic conversion of the deficient

eactant [48] and subsequently for kinetically-controlled catalytic

onversion of the deficient reactant [46] . The ignition criteria were

erived using matched activation energy asymptotics, a full 2-D

escription for the channel geometry, variable transport proper-

ies obeying the Chapman-Rubesin conditions [49] ρμ= const.,

λ= const., ρ2 D i = const., and also constant c p ; this led to a

onstant Prandtl ( Pr ) number and constant Lewis numbers ( Le i )

or each species. Furthermore, a global gaseous reaction step was

onsidered along with a uniform axial wall temperature profile

 WALL ( x ) = const., and uniform inlet properties. 

Since the conversion of the deficient oxygen reactant was

ractically transport-limited in the present work (as discussed

n Fig. 12 ), the homogeneous ignition criterion from [48] was

dopted: 

 ( ζig ) = A 

1 

D a g 
, (1) 

ith ζig a normalized ignition distance, defined as an inverse

raetz number: 

ig = 

x ig 

b R e IN P r 
. (2) 

In Eq. (2) Pr was the constant Prandtl number and Re IN the

nlet Reynolds number based on the channel half-height b : 

 e IN = ρIN U IN b/ μIN . (3) 

In Eq. (1) A was a parameter depending on the constant wall

emperature T WALL , the inlet temperature T IN and the heat of

eaction. G ( ζ ig ) was a monotonically increasing function of ζ ig 

48] that further included dependencies on the Lewis number ( Le )

f the deficient reactant, the Prandtl number ( Pr ) and the ratio

 T WALL / T IN ). Finally, Da g was a Damköhler number for gaseous

ombustion, defined as: 

 a g = τdi f / τch . (4) 

In Eq. (4) τ ch was a characteristic gas-phase chemical time

cale and τ dif a characteristic transverse diffusion time scale: 

di f = b 2 / αth,IN , (5) 

ith αth,IN the thermal diffusivity of the reactive mixture at the

nlet: 

th,IN = λIN / ρIN c p . (6) 

The characteristic chemical and diffusion time scales appearing

n Eq. (4) clearly demonstrated the competition between gaseous

nd catalytic reactions for depletion of the deficient reactant: short

iffusion times τ dif favored (under transport-limited operation)

ast catalytic depletion of the limiting reactant and therefore

nhibited gaseous ignition, while short gas-phase chemical times

romoted the onset of gaseous ignition. Since αth,IN in Eq. (6) was

nversely proportional to pressure, Eqs. (1) , ( 4 ) and ( 5 ) yielded

 ( ζ ig ) ∼ τ ch / p and because G ( ζ ig ) was a monotonically increasing

unction of ζ ig that could be linearized with good accuracy over

he range of ignition distances in Fig. 15 , the following relationship

ould be deduced: 

ig ∼ τch /p. (7) 
Each individual plot in Fig. 15 had, by construction, the same

e IN such that according to Eq. (2) ζ ig ∼ x ig and thus: 

 ig ∼ τch /p. (8) 

Therefore, the presence of the catalytic pathway introduced a

caling factor 1/ p between the gaseous chemical time τ ch and the

omogeneous ignition distance x ig . Considering that τ ch ∼ τ ig , a

caled plot τ ig / p is constructed in Fig. 16 . It is evident that this

lot compared more favorably with Fig. 15 and, in particular, it

eproduced the appreciable drop in x ig ( ∼ τ ch / p ) above 9 bar. Of

ourse the agreement was qualitative since in the simulations of

ig. 15 the wall temperatures were not uniform along the channel

see Fig. 10 ), while the ignition criterion in Eq. (1) considered a

niform wall temperature T WALL . 

For gas turbines in large-scale power generation ( ∼15 bar), ho-

ogeneous ignition was more favorable compared to atmospheric

ressure systems as seen in Fig. 16 . Moreover, for small-turbines

f mesoscale power generation systems (pressures 2–5 bar), the

esults in Fig. 16 suggested an even stronger promotion of ho-

ogeneous ignition at least for the lower equivalence ratio ϕ =
.5 and initial temperatures T o ≥ 1050 K. These factors had to be

onsidered when designing catalytic-rich/gaseous lean burners for

ower generation systems. 

Finally, sensitivity analysis (SA) was performed in a surface

erfectly stirred reactor (SPSR) [50] in order to identify the key

urface and gas-phase reactions affecting homogeneous com-

ustion. The selected SPSR conditions mimicked the channel

xperiments. To this direction, the surface temperature of the SPSR

as kept constant at 1100 K (mimicking typical highest catalyst

emperatures over the gaseous induction zones in the channel, see

ig. 10 ), while the inlet SPSR temperature was also set to 1100 K.

y fixing the surface temperature the exothermicity of the catalytic

athway was suppressed, thus allowing the investigation of the

PSR temperature changes due to gaseous combustion alone. The

ulk gas SPSR temperature was computed by solving the energy

quation, in which only the gaseous reactions contributed to the

eat release. Nonetheless, since both the heterogeneous and the

omogeneous reaction pathways produced or destroyed gas-phase

pecies, the computed bulk gas-phase temperature was affected

y both reaction pathways. SPSR residence times were selected to

chieve approximately equal catalytic and gas-phase conversions

or the deficient O 2 reactant, while the SPSR surface-to-volume

 S / V ) ratio was 0.5 cm 

−1 . 

Normalized sensitivity coefficients for the SPSR gas-phase

emperature are shown in Fig. 17 for two fuel-rich H 2 /air stoi-

hiometries ( ϕ = 2.5 and 6.5) and two pressures (1 and 14 bar).
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Fig. 17. Normalized sensitivity coefficients for the gas-phase temperature in a sur- 

face perfectly stirred reactor (SPSR) at two pressures (1 and 14 bar) and two equiv- 

alence ratios (2.5 and 6.5). Coefficients for the main gas-phase and main surface 

reactions are shown. 
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In terms of catalytic chemistry, the adsorption/desorption of H 2 

(reactions 1 and 2), the adsorption of O 2 (duplicate reactions 4

and 5), and the adsorption of H radical (reaction 3) were the most

sensitive. Hydrogen adsorption (reaction 1) had a positive sensitiv-

ity coefficient since an increase of its rate led to enhanced surface

blockage by H(s) thus inhibiting adsorption of the limiting O 2 

reactant; this in turn led to reduced catalytic conversion of O 2 and

hence to increased gaseous consumption of O 2 and to increased

gaseous heat release. Conversely, the adsorption of O 2 (reactions

4 and 5) had a negative sensitivity coefficient. The adsorption of

H (reaction 3) had a strong negative sensitivity coefficient as it

deprived this important radical from the gaseous radical pool. In

terms of gaseous chemistry, the most sensitive reactions were

those involving production or depletion of the H radical. 

5. Conclusions 

The catalytic and gaseous combustion of H 2 /O 2 /N 2 mixtures

was investigated experimentally and numerically in a Pt-coated

channel at fuel-rich stoichiometries (equivalence ratios ϕ = 2.5-

6.5) and pressures 1–14 bar. 1-D Raman measurements of major

gas-phase species concentrations assessed the heterogeneous

combustion processes, while planar LIF of either OH or of hot-O 2 

monitored the onset of homogeneous ignition. Simulations were

carried out using a 2-D code with detailed heterogeneous and

homogeneous chemistry and transport. The following are the key

conclusions. 

(1) The combination of OH-LIF at pressures below ∼5 bar and

of hot O 2 -LIF at pressures higher than ∼5 bar could accurately

determine the homogeneous ignition locations over the entire

pressure range (1–14 bar). This was because the OH-LIF signal was

quenching-dominated at elevated pressures, while the hot O 2 -LIF

signal was predissociation-controlled thus allowing adequate

signal-to-noise ratios even at the highest investigated pressures. 

(2) Both Raman measurements and numerical simulations

demonstrated a transport-limited catalytic conversion of the defi-
ient O 2 reactant over the gas-phase ignition induction zones, in

hich the wall temperatures ranged between ∼800 K and ∼1100 K.

he transport-limited catalytic depletion of O 2 led to increased

uel-rich equivalence ratios (up to ϕ = 19.8) at the locations of

omogeneous ignition. 

(3) Good agreement has been established between measured

nd predicted homogeneous ignition distances (within 12%)

nd flame shapes, thus attesting the aptness of the employed

etero-/homogeneous chemical reaction mechanisms at fuel-rich

toichiometries and elevated pressures. 

(4) Gaseous combustion propagated to the channel center and

xtended axially over a length of only a few mm due to the

redominantly vertical direction of the formed flames. This was in

ontrast to earlier fuel-lean H 2 /O 2 /N 2 hetero-/homogeneous com-

ustion studies, wherein the ensuing flames were confined close

nd parallel to the horizontal catalytic walls and extended axially

ver substantial fractions of the channel length. This difference

as an outcome of the Lewis number of the deficient reactant,

hich was less than unity for the fuel-lean stoichiometries and

reater than unity for the fuel-rich ones. 

(5) Analytical homogeneous ignition criteria have shown that

he catalytic reaction pathway introduced a scaling factor 1/ p to

he homogeneous ignition distances x ig . This behavior, in conjunc-

ion with the intricate pressure dependence of the gaseous ignition

hemistry of hydrogen, led to generally shorter homogeneous ig-

ition distances at 14 bar compared to 1 bar. This had practical

mplications for gas-turbine burners utilizing the catalytic-

ich/gaseous-lean combustion concept for large-scale power

eneration ( ∼15 bar), as it suggested that gas-phase combustion

ould be initiated within the catalytic module. For mesoscale

ower generation with operating pressures of 2–5 bar, homoge-

eous ignition could become even more favorable compared to

ither 1 or 14 bar, at least for certain fuel-rich stoichiometries. 

(6) Sensitivity analysis carried out in a surface perfectly stirred

eactor (SPSR) identified the key surface and gaseous reactions

ffecting the gas temperature. Hydrogen and oxygen adsorp-

ion/desorption and adsorption of the H radical were the most

ensitive catalytic reactions, while most sensitive gaseous reactions

ere those involving the H radical. 
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