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Abstract

Reliable numerical models for hetero-/homogeneous combustion in transi-
tional or fully turbulent channel-
ows are essential for e�cient reactor de-
sign and development aiming at abating emissions in automotive vehicles,
synthesis of high-valued chemicals from various hydrocarbon feedstocks, and
power generation in gas-turbine burners with hetero-/homogeneous combus-
tion methodologies.

In the present work, 3-D direct numerical simulations of the turbulent
combustion of fuel-lean hydrogen/air mixtures in a platinum-coated channel
and axisymmetric simulations in a rhodium-coated tubular reactor with
detailed heterogeneous and homogeneous chemistry are carried out in order
to investigate the interactions between chemistry and turbulence and to
understand the physico-chemical processes near reacting interfaces.

First, 3-D direct numerical simulations (DNS) of fuel-lean (equivalence
ratio ’ = 0:24) hydrogen/air turbulent catalytic combustion were carried
out in a platinum-coated planar channel with isothermal walls and an in-
coming fully-developed turbulent 
ow, at two inlet bulk Reynolds numbers
(ReH = 5; 700 and 12,360 based on the channel height H) and four global
catalytic reaction rates. The e�ects of Reynolds number and catalytic reac-
tivity were assessed. A correlation was established for the ratio of the turbu-
lent hydrogen conversion rate at �nite-rate chemistry to the corresponding
turbulent conversion rate at in�nitely-fast chemistry. The instantaneous
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local catalytic reaction rates exhibited large 
uctuations, which were up to
300% and 500% for the low and high ReH , respectively. Fourier analysis in-
dicated that a diminishing catalytic reactivity acted as a low-pass frequency
�lter for the overlying 
uctuations of the turbulent 
ow.

Second, three-dimensional direct numerical simulations (DNS) with de-
tailed heterogeneous and homogeneous chemistry and transport were carried
out to investigate the turbulent combustion of fuel-lean hydrogen/air mix-
tures (equivalence ratios ’ = 0.16 and 0.18) in a platinum-coated channel
with prescribed wall temperatures of 1250 K and 1270 K and an incoming
bulk Reynolds number of 5700. Fluctuations of either gaseous or surface
species were signi�cant (up to 34%) at the upstream channel locations and
dropped farther downstream due to the 
ow laminarization induced by the
heat transfer from the hot walls and the growth of the turbulent bound-
ary layer. Local extinction of gaseous combustion was observed in spatially
isolated islands characterized by high streamwise vorticity. The increased
turbulent mass transport towards the walls was hence responsible for the lo-
cal 
ame extinction, which in turn led to an increased catalytic conversion at
the extinguished 
ame locations. Subsequently, these simulations were ex-
tended to industrially-relevant 
ow conditions (ReH = 12; 360). The higher
turbulence intensity at this ReH resulted in larger nearwall hydrogen ex-
cess that in turn yielded shorter homogeneous ignition distances compared
to the lower ReH case. Gas-phase ignition proceeded from isolated igni-
tion kernels that subsequently formed extended 
ames con�ned close to the
catalytic walls.

Finally, 2-D steady simulations with detailed catalytic and gas-phase
chemistries, conjugate heat transfer in the solid wall and detailed trans-
port were used to investigate the hetero-/homogeneous chemistry interac-
tions during methane catalytic partial oxidation (CPO) in rhodium-coated
cylindrical channels. Simulated conditions spanned pressures 1.0-25 bar,
methane-to-air equivalence ratios 2.5-4.0, inlet temperatures 600-900 K
and channel diameters 0.5-2.0 mm. The de�cient oxygen reactant leaked
through the 
ame zones and was subsequently converted catalytically on
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the channel walls, with the oxygen leakage increasing as the channel di-
ameter, pressure, and inlet temperature decreased. Extensive parametric
simulations delineated the regimes of operating conditions and geometri-
cal parameters (pressure, inlet temperature, equivalence ratio and chan-
nel diameter) for which gas-phase combustion could not be ignored during
methane CPO over rhodium. It is shown that for practical power generation
systems (pressures and inlet temperatures above 15 bar and 600 K, respec-
tively) gaseous chemistry could not be neglected and o�ered the bene�t
of reducing the extent of the oxidation zone and hence the overall reactor
length.
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Zusammenfassung

Zuverl�assige numerische Modelle f�ur die hetero-/homogene Verbrennung in
�ubergangs- oder vollst�andig turbulenten Kanalstr�omungen sind essentiell
f�ur eine e�ziente Reaktorkonstruktion und -entwicklung, welche die Ver-
ringerung der Emissionen in Kraftfahrzeugen, die Synthese von hochwerti-
gen Chemikalien aus verschiedenen Kohlenwassersto�-Ausgangsmaterialien
und die Stromerzeugung in Gas-Turbinenbrenner mit hetero-/homogenen
Verbrennungsmethoden bezweckt.

In der vorliegenden Arbeit werden 3-D direkte numerische Simulatio-
nen der turbulenten Verbrennung von brennsto�armen Wassersto�/Luft
Gemischen in einem platinierten Kanal mit detaillierter heterogener und ho-
mogener Chemie durchgef�uhrt, um die Wechselwirkungen zwischen Chemie
und Turbulenz zu untersuchen sowie die physikalisch-chemischen Prozesse in
der N�ahe von reagierenden Grenz
�achen zu verstehen. Zun�achst wurden 3-
D direkte numerische Simulationen (DNS) von brennsto�armem (�aquivalen-
zverh�altnis ’ = 0.24) Wassersto�/Luft turbulenter katalytischer Verbren-
nung in einem platinbeschichteten planaren Kanal mit isothermischen W�an-
den und einer eingehenden voll entwickelten turbulenten Str�omung bei zwei
Reynolds-Zahlen (ReH = 5,700 und 12,360 bezogen auf die Kanalh�ohe H)
und vier globalen katalytischen Reaktionsgeschwindigkeiten durchgesetzt.
Die Auswirkungen der Reynolds-Zahl und der katalytischen Reaktivit�at
wurden bewertet. Eine Korrelation wurde f�ur das Verh�altnis der turbulen-
ten Wassersto�umwandlungsrate bei der Chemie mit endlicher Geschwindig-
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keit zu der entsprechenden turbulenten Umwandlungsrate bei unendlich
schneller Chemie etabliert. Die momentanen lokalen katalytischen Reak-
tionsraten zeigten grosse Fluktuationen, die bis zu 300% bzw. 500% f�ur
den niedrigen und hohen ReH betrugen. Die Fourier-Analyse zeigte, dass
eine abnehmende katalytische Reaktivit�at als ein Tiefpass-Frequenz�lter f�ur
die dar�uber liegenden Fluktuationen der turbulenten Str�omung wirkte.

Zweitens wurden dreidimensionale direkte numerische Simulationen mit
detaillierter heterogener und homogener Chemie und Transport durchge-
f�uhrt, um die turbulente Verbrennung von brennsto�armen Wassersto�/Luft
Gemischen (�aquivalenzverh�altnisse ’ = 0.16 und 0.18) in einem platinierten
Kanal mit vorgeschriebenen Wandtemperaturen von 1250 K und 1270 K
und einer eingehenden Reynolds-Zahl von 5,700 zu untersuchen. Fluk-
tuationen von entweder gasf�ormigen oder Ober
�achenspezies waren sig-
ni�kant (bis zu 34%) an den stromaufw�artigen Kanalstellen und �elen weiter
stromabw�arts aufgrund der Str�omungslaminierung, die durch die W�arme�ub-
ertragung von den heissen W�anden und das Wachstum der turbulenten
Grenzschicht induziert wurde.

Die lokale Ausl�oschung der gasf�ormigen Verbrennung wurde auf r�aum-
lich isolierten Inseln beobachtet, die sich durch eine hohe Str�omungswirbel-
st�arke auszeichneten. Der erh�ohte turbulente Sto�transport zu den W�anden
war somit f�ur die lokale Flammenl�oschung verantwortlich, was wiederum
zu einer erh�ohten katalytischen Umwandlung an den ausgel�oschten Flam-
menstellen f�uhrte. Anschliessend wurden diese Simulationen auf industriell
relevante Str�omungsbedingungen (ReH = 12; 360) erweitert. Die h�ohere
Turbulenzintensit�at bei diesem ReH f�uhrte zu einem gr�osseren wandnahen
Wassersto��uberschuss, der wiederum zu k�urzeren homogenen Z�undentfer-
nungen im Vergleich zu dem niedrigeren ReH-Fall f�uhrte. Die Gasphasen-
Z�undung erfolgte aus isolierten Z�undkernen, die anschliessend ausgedehnte
Flammen bildeten, die in der N�ahe der katalytischen W�ande eingeschlossen
waren.

Schliesslich wurden 2D-Steady-Simulationen mit detaillierter katalytis-
cher und Gasphasenchemie, konjugierter W�arme�ubertragung in der festen
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Wand und detaillierter Transport verwendet, um die hetero-/homogenen
chemischen Wechselwirkungen w�ahrend der Methan-katalytischen Partialox-
idation (CPO) in Rhodium-beschichteten zylindrischen Kan�ale zu unter-
suchen. Simulierte Bedingungen umfassten Dr�ucke von 1,0 bis 25 bar,
Methan-Luft-�aquivalenzverh�altnisse von 2.5 bis 4.0, Einlasstemperaturen
von 600 bis 900 K und Kanaldurchmesser von 0,5 bis 2,0 mm. Der de-
�ziente Sauersto�reaktant trat durch die Flammenzonen aus und wurde
anschliessend katalytisch an den Kanalw�anden umgewandelt, wobei die
Sauersto�eckage anstieg, wenn der Kanaldurchmesser, der Druck und die
Einlasstemperatur abnahmen. Umfangreiche parametrische Simulationen
skizzierten die Betriebszust�ande und geometrischen Parameter (Druck, Ein-
lasstemperatur, �aquivalenzverh�altnis und Kanaldurchmesser), f�ur die die
Gasphasenverbrennung w�ahrend Methan CPO �uber Rhodium nicht ignori-
ert werden konnte. Es wird gezeigt, dass f�ur praktische Energieerzeu-
gungssysteme (Dr�ucke und Einlasstemperaturen �uber 15 bar bzw. 600 K)
die Gaschemie nicht vernachl�assigt werden kann und den Vorteil bietet,
das Ausmass der Oxidationszone und damit die gesamte Reaktorl�ange zu
reduzieren.
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Chapter 1

Introduction

1.1 Motivation

The coupling of turbulence with catalytic reactions is of main concern

for pollutant abatement in automotive converters [4], for hybrid hetero-

/homogeneous combustion methodologies in gas-turbine burners of power

generation systems [5,6], and for the synthesis of high-valued chemicals from

various hydrocarbon feedstocks [7]. In catalytic automotive converters the

trend nowadays is to promote transition to turbulence by means of suitable

geometric modi�ers. The enhanced turbulent transport can increase the

converter e�ectiveness by up to 30% [4, 8, 9] and thus reduce the system

length and noble metal catalyst usage.

Turbulent catalytic combustion is also attractive for the latest power

generation technologies aiming at mitigating greenhouse CO2 emissions.

For example, post-combustion CO2 capture in gas turbines can be accom-

plished by employing large 
ue gas recycle (FGR) in the reactant stream,

so as to increase the CO2 content in the exhaust gas and thus facilitate its
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1. Introduction

subsequent capture [10]. The reduced reactivity of the heavily FGR-diluted

reactants favors the use of catalytic combustion methodologies due to their

lower activation energy barrier and the resulting increased combustion sta-

bility [11]. Catalytic reactors are made of honeycomb monolithic structures

comprising a multitude of channels (each with a hydraulic diameter of 1 to

2 mm), which are typically coated with Pt or Pd. Under the high pres-

sures of modern turbines (up to 30 bar) the incoming Reynolds numbers,

based on the individual catalytic channel hydraulic diameter, can reach at

full load 20,000 [12]. Moreover, gas-phase chemical reactions cannot be ne-

glected at the elevated pressures of turbines -even at the tight geometrical

con�nements of typical catalytic reactors [13, 14]. Reliable numerical mod-

els for hetero-/homogeneous combustion in transitional or fully turbulent

channel-
ows are therefore essential for reactor design and development.

Finally, in fuel-processing technologies (catalytic reforming of feedstock to

syngas, followed by Fischer-Tropsch (F-T) synthesis) there are certain de-

sign advantages in carrying out both reforming and F-T at the elevated

pressures (up to 30 bar) dictated by the downstream F-T process. High-

pressure operation, in turn, leads to high Reynolds numbers and commonly

to turbulent 
ows.

Modeling of turbulent 
ows in catalytic channels of automotive con-

verters has been traditionally based on simple 1-D closures with lumped

transport parameters (turbulent Nusselt and Sherwood numbers) [9]. Three-

dimensional large eddy simulation (LES) has also been applied to a single

monolithic catalytic channel of an automotive converter to investigate the
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1.1. Motivation

transport-limited conversion (i.e. in�nitely-fast catalytic chemistry) of the

CO pollutant [15].

Detailed heterogeneous (catalytic) and homogeneous (gas-phase) chem-

istries have been implemented in turbulent channel-
ow catalytic combus-

tion modeling, adopting Low-Reynolds number (LR) submodels within the

Reynolds Averaged Navier Stokes (RANS) description, along with appro-

priate surface and gas-phase chemistry closures [16, 17]. 3-D direct numer-

ical simulation (DNS) has also been reported for Reynolds numbers up to

10,600 [18], albeit without inclusion of any chemistry and for the purpose

of studying the 
ow �eld in the converter.

The present doctoral thesis extends the DNS tool to investigate, for

the �rst time in the literature, coupled heterogeneous and homogeneous

reactions, which are truly relevant to practical systems, in turbulent chan-

nel 
ows. Detailed catalytic (mean-�eld surface reaction mechanism) and

elementary gas-phase chemistry were employed in the DNS code to study

hydrogen catalytic combustion over platinum. The main goal is to iden-

tify the interactions between turbulence, catalytic chemistry and gaseous

reactions. The presented DNS investigation sheds light on the impact of

turbulence on the catalytic combustion processes, the coupling of gaseous

and catalytic chemistry leading to the onset of homogeneous ignition and to

local 
ame extinction, the impact of turbulence on the underlying catalytic

stoichiometry, and also the topology of the established 
ames and their po-

tential impact on the reactor and catalyst thermal stability. Finally, the

DNS results will further aid the development of advanced RANS and/or

11
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LES models.

1.2 Catalytic combustion modeling

This section focuses on models for single catalytic channels, which are suit-

able for fundamental research. For practical honeycomb structures, model-

ing of a single-channel is su�cient under the condition of reactor adiabatic-

ity and uniform inlet properties. Catalytic combustion models for single

channels should account for 
uid transport (laminar or turbulent), hetero-

/homogeneous chemical reactions, intraphase di�usion inside the porous

catalyst structure (washcoat), heat conduction in the solid wall, and radia-

tion heat transfer between the channel surface elements themselves as well

as between each surface element and the inlet/outlet section. Development

of advanced catalytic combustion numerical models poses severe challenges

due to the disparate spatio-/temporal scales of the underlying physicochem-

ical processes. The corresponding time scales range from fractions of mil-

liseconds for the catalytic and gaseous chemical times to seconds for the

axial solid heat conduction. A review of numerical models for catalytic

combustion, with emphasis on transient and turbulent models is provided

below.

1.2.1 Catalytic channel-
ow models

The �rst catalytic combustion models were spatially one-dimensional, em-

ploying lumped heat/mass interphase transport coe�cients and simpli�ed

chemistry [19{22]. Even though such models are attractive for their simplic-

12
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ity and computational e�ciency, unique lumped heat and mass transport

coe�cients (Nusselt and Sherwood numbers) for developing channel 
ows

relevant to practical catalytic combustion systems are not guaranteed in

the presence of hetero-/homogeneous chemical reactions [22, 23]. Further

simpli�cation in 1-D models is obtained by neglecting the interphase (gas-

phase) di�usion barrier and considering uniform properties at the gas and

the solid-gas interface. This results in the plug-
ow reactor model, which

is applicable either at very low or very high Reynolds numbers. For the

intermediate Reynolds number regime, the addition of lumped heat/mass

transport coe�cients can improve the predictions, however, with the afore-

mentioned drawbacks. Therefore, the state-of-the-art international research

focuses mainly on spatially multidimensional models.

The presence of homogeneous combustion (common in most high-pres-

sure applications), necessitates a spatial dimensionality of at least two. This

is because the onset of homogeneous ignition depends crucially on the reac-

tant species and temperature boundary layer pro�les, as shown in [24, 25].

Two-dimensional models accurately describe the heat and mass transport

in laminar 
ows and, when coupled with detailed hetero-/homogeneous

chemistry, provide advanced numerical platforms for both reactor design

and fundamental research. Navier Stokes (elliptic) 2-D models with de-

tailed hetero-/homogeneous chemistry [16, 26{36] have nowadays become

common research tools, at least for steady simulations. Surface radiation

heat transfer is usually neglected in multidimensional models, despite its

demonstrated signi�cance under both steady and transient reactor opera-
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tion [27,37{39].

Finally, three-dimensional e�ects can be important in straight-channel

honeycomb reactors [40, 41], despite the rounding of the channel corners

during coating [42] that in turn suppresses strong secondary 
ows. Full 3-D

channel-
ow simulations are of interest for many commercial reactors with

irregular channel geometries and also for fundamental turbulent catalytic

combustion research in straight channels -as turbulence is inherently a three-

dimensional phenomenon.

1.2.2 Transient models for laminar channel 
ows

Owing to the long characteristic solid heat-up time compared to the chem-

ical, convective and di�usive time scales of a catalytic reactor, the quasi

steady-state (QSS) assumption for the gas-phase is often invoked. Al-

though the QSS assumption does not necessarily hold at all spatial locations

and/or all times during reactor operation [43], it was nonetheless employed

in all early transient simulations [44{46]. Fully transient (without invok-

ing the QSS assumption) 1-D channel models with simpli�ed chemistry

were used in [45], but only to simulate the initial channel response due

to a step change in the inlet reactant concentration; at longer times, the

QSS assumption was still invoked. Fully transient 1-D models with de-

tailed catalytic chemistry, accounting also for the intraphase di�usion in

the porous washcoat layer, were further used to investigate the light-o�

of hydrogen over PdO [47]. Two-dimensional transient models within the

QSS approximation for the gaseous processes and the surface chemistry
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(one-step) were presented in [43, 48] while fully transient 2-D models were

reported in [49] again with simpli�ed catalytic chemistry. Developed QSS

transient 2-D channel models at PSI [39, 50{52] include detailed heteroge-

neous and homogeneous kinetics along with surface radiation heat transfer.

These models successfully simulated ignition and extinction experiments

in catalytic partial oxidation (CPO) of methane over rhodium [50], and

were further applied to study the light-o� of syngas mixtures over plat-

inum [51,52] and the hetero-/homogeneous transient combustion of methane

and methane/hydrogen mixtures over platinum [39,53].

The development of a fully-transient (DNS) code for laminar 2-D cat-

alytic combustion with inclusion of 2-D heat conduction in the solid chan-

nel wall was carried out in PhD thesis of Brambilla [54]. The PhD thesis

work commenced with a study of syngas 
ame dynamics in channels [55]

and was �nalized, after construction of the 2-D gas/solid DNS model, with

an investigation of the light-o� of hydrogen/air mixtures and the subse-

quent hetero-/homogeneous transient combustion processes [56]. The work

in [56] constitutes the �rst fully-transient DNS with conjugate heat trans-

fer. Therein, the DNS and QSS predictions were compared for fuel-lean

H2/air catalytic combustion (equivalence ratio ’ = 0.3) in a channel with

a height of 2 mm and a length of 10 mm (out of which the �rst 1 mm was

inert and the remaining 9 mm was coated with Pt). The detailed catalytic

mechanism of Deutschmann et al. [31] for the oxidation of H2 over Pt (14

reactions, 5 surface and 5 gaseous species) and the elementary H2/O2 gas-

phase mechanism from Princeton (Li et al. [57], 21 reversible reactions and
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9 species) were used.

1.2.3 Models for turbulent channel-
ow catalytic com-

bustion

In many practical high-pressure systems with catalytic combustors, such

as gas turbines, the incoming Reynolds numbers based on the individual

catalytic channel hydraulic diameter can reach 20,000. Turbulent catalytic

combustion modeling had not yet received proper attention, with earlier

attempts using either simpli�ed 1-D models with lumped turbulent heat

and mass transport coe�cients [58] or 2-D approaches with isothermal-


ow turbulence models. Turbulent 2-D codes based on RANS and suitable

low-Reynolds number (LR) near-wall transport models were developed at

PSI [16, 17, 59]. Comparisons with in-channel laser-based measurements

of velocity, species, and temperature [16] have shown that crucial to the

performance of various LR models is their ability to capture the strong 
ow

laminarization induced by the intense heat transfer from the hot catalytic

surfaces. Only LR-RANS turbulent models developed for strongly heated

entry channel 
ows [60] were shown to be adequate for catalytic combustion

systems. Despite the success of the aforementioned LR-RANS models in

capturing measured basic hetero-/homogeneous combustion characteristics,

such as catalytic fuel conversion and onset of homogeneous ignition, there

are still modeling areas that need improvement.

Three-dimensional Direct Numerical Simulation (DNS) of lean H2/air

combustion in a platinum-coated catalytic channel with an inlet bulk Reynolds
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number (based on the channel height) of 5700 (friction Reynolds number

Re� = 182) was reported in Lucci et al. [61], using a global catalytic re-

action and a prescribed wall temperature of 960 K, which was su�ciently

low to guarantee the absence of gaseous combustion. The foregoing study

addressed some key modeling issues related to pure catalytic combustion,

which demonstrated the e�ect of 
ow laminarization on catalytic combus-

tion, established that the 
uctuations of the surface reaction rates had tem-

poral frequencies comparable to the thermal response frequencies of typical

solid materials used in catalytic reactors, and �nally assessed limitations of

RANS submodels.

1.3 Objectives

The main objectives of the thesis are:

� To perform the �rst turbulent 3D DNS with detailed hetero-/homo-

geneous chemistry.

� To assess the impact of varying turbulence levels and chemical time

scales on the resulting 
uctuations of the surface reaction rates.

� To investigate the impact of turbulence on the catalytic combustion

processes.

� To expose the interactions between turbulence and chemistry leading

to the onset of homogeneous ignition.

� To identify the conditions for local 
ame extinction, and to investigate

the topology of the established 
ames and their potential impact on
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the reactor and catalyst thermal stability.

� To study the structure of 
ames formed in the oxidation zone of the

CPO reactor in the presence of the strong reactant strati�cation in-

duced by the catalytic reaction pathway.

� To delineate the regimes of appreciable gas-phase combustion as a

function of operating and geometrical parameters.

1.4 Outline of the thesis

The rest of the thesis is organized as follows:

� In Chapter 2 the governing equations and mathematical model are de-

scribed and the employed numerical methodology is brie
y discussed.

In addition, performance improvements essential for the massive com-

putational cost of proposed simulations are introduced.

� Three-dimensional direct numerical simulations of fuel-lean hydro-

gen/air (’ = 0:24) turbulent catalytic combustion in a platinum-

coated planar channel with one-step surface chemistry and an incom-

ing fully-developed turbulent 
ow, at two inlet bulk Reynolds numbers

and four global catalytic reaction rates are presented in Chapter 3.

The investigation of the impact of varying turbulence levels and chem-

ical time scales on the resulting 
uctuations of the surface reaction

rates is the main goal of this chapter. The extent of departure from

complete conversion of the limiting reactant at the catalytic surface

and the suppression of 
ow laminarization is evaluated. Furthermore,
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average turbulent catalytic rates are calculated and compared to cor-

responding laminar rates and �nally, turbulent catalytic rate 
uctua-

tions are elaborated.

� Chapter 4 presents 3-D direct numerical simulations with detailed het-

erogeneous and homogeneous chemistry and transport in order to in-

vestigate the turbulent combustion of fuel-lean hydrogen/air mixtures

(’ = 0.16 and 0.18) in a platinum-coated channel with prescribed wall

temperatures of 1250 K and 1270 K and an incoming bulk Reynolds

number of 5700. The objective is to assess the impact of turbulence

on the catalytic combustion processes, to expose the interactions be-

tween turbulence and chemistry leading to the onset of homogeneous

ignition, and �nally to identify the conditions for local 
ame extinc-

tion. To this direction, equivalence ratios are selected in such a way

that they allow for appreciable homogeneous ignition distances, and

also for the occurrence of local 
ame extinction at the selected bulk

Reynolds number.

� In Chapter 5 the 
ow conditions are extended to industrially-relevant

conditions (extended to ReH = 12; 360). The coupling of gaseous

and catalytic chemistry leading to the onset of homogeneous ignition,

the impact of turbulence on the underlying catalytic stoichiometry,

and �nally the topology of the established 
ames and their potential

impact on the reactor and catalyst thermal stability are discussed.

� Chapter 6 is devoted to the numerical investigation of the hetero-

/homogeneous chemistry interactions during methane catalytic par-
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tial oxidation (CPO) in rhodium-coated cylindrical channels. Two-

dimensional simulations with detailed catalytic and gas-phase chemistries,

conjugate heat transfer in the solid wall and detailed transport. Sim-

ulated conditions spanned pressures 1-25 bar, methane-to-air equiva-

lence ratios 2.5-4.0, inlet temperatures 600-900 K and channel diame-

ters 0.5-2.0 mm. The structure of 
ames formed in the oxidation zone

of the CPO reactor and the strong reactant strati�cation induced by

the catalytic reaction pathway are investigated, and particularly the

regimes of appreciable gas-phase combustion as a function of operating

and geometrical parameters are delineated. The hetero-/homogeneous

chemistry interactions, the e�ect of gaseous chemistry on the reform-

ing zone and �nally, the impact of gaseous chemistry on the reactor

thermal management are addressed.
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Chapter 2

Numerical approach

2.1 Governing equations

The evolution of the density �, velocity �eld u, temperature T and species

mass fractions Yk in the gas-phase is described by the low-Mach-number

conservation equations for mass, momentum, energy and species in an open

system ignoring body forces like gravity [62,63].

Continuity
@�
@t

+ r � (�u) = 0 (2.1)

Momentum

�
�

@u
@t

+ u � r u
�

= �rp1 + r �
�
�S
�

(2.2)

S = r u + (r u)T �
2
3

(r � u) I (2.3)
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Energy

�cp

�
@T
@t

+ u � rT
�

= r � (�rT ) � �

 NgX

i=1

cp;iYiVi

!

� rT (2.4)

cp =
NgX

i=1

Yicp;i (2.5)

Gas-phase species

�
�

@Yi

@t
+ u � rYi

�
= �r �

�
�YiVi

�
; i = 1; � � � ; Ng (2.6)

with Ng the total number of gaseous species.

Surface species

@�k

@t
= �k

_sk

�
; k = 1; � � � ; Ns (2.7)

with �k the coverage, �k the site occupancy and _sk the catalytic molar

production rate of the kth surface species, � the surface site density and

Ns the total number of surface species.

Equation of state

p0 =
�RT
W

(2.8)

where

W =

 NgX

i=1

Yi

Wi

!�1

(2.9)

is the mean molecular weight of the gas mixture, and R the universal gas

constant.
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2.1. Governing equations

In order to �lter out the acoustic waves and allow for longer inte-

gration times steps, the pressure in the low Mach number formulation is

decomposed into a leading order term p0 (thermodynamic pressure) and a

�rst order correction p1 (hydrodynamic pressure appearing in the momen-

tum Eq. (2.2)). Equation (2.1) is replaced by Eq. (2.10) below, which

is obtained by combining the continuity (Eq. (2.1)), energy (Eq. (2.4)),

species (Eq. (2.6)) and state (Eq. (2.8)) equations:

r�u =
1
�

NgX

i=1

W
Wi

�
�r � �YiVi

�
+

1
�cpT

"

r � (�rT ) � �

 NgX

i=1

cp;iYiVi

!

� rT

#

(2.10)

The usual notation is adopted, with Vi, Wi, cp;i denoting the di�usion ve-

locity vector, molecular weight, and heat capacity of species i, respectively,

while � the thermal conductivity, � the dynamic viscosity, and cp the heat

capacity of the mixture. I is the identity matrix.

Gas-phase species di�usion velocities Vi are given by:

Vi = ~Vi + Vc (2.11)

The �rst term in the right of Eq. (2.11) is obtained by a mixture-

averaged di�usion model:

~Vi = � (Di=Xi) rXi (2.12)

with Di and Xi the ith species mixture-averaged di�usivity [64] and mole

fraction, respectively. The correction velocity Vc is added to ~Vi in Eq. (2.11)
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in order to ensure conservation of mass

Vc = �
NgX

i=1

Yi ~Vi (2.13)

Pressure di�usion and thermal di�usion have been neglected.

The gas-phase species boundary conditions at the gas-wall interface

are:

Ji;w � n � �Yi
�
u + Vi

�
jw = _siWi; i = 1; � � � ; Ng: (2.14)

where _si is the molar catalytic production rate and Ji;w the mass 
ux nor-

mal to the wall of the ith gas-phase species. The subscript (w) indicates

properties at the gas-wall interface, n is the outward-pointing vector normal

to the surface and ujw is the Stefan velocity, given by

n � ujw =
1
�

NgX

i=1

_siWi; i = 1; � � � ; Ng: (2.15)

2.2 Solver and numerical method

The governing equations presented in Section 2.1 were discretized in space

using the spectral element method (SEM) developed by Patera [65], a high-

order weighted residual technique similar to the �nite element method. The

SEM exhibits low numerical dispersion and dissipation, which are important

in stability calculations, for long time integrations, and for high Reynolds

number 
ows [66]. The spectral element method combines the high-order

accuracy of spectral-Galerkin methods with the geometric 
exibility of �-

nite element methods due to the application of the spectral method per
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element. The computational domain is �rst split into conforming quadri-

lateral (in 2-D) or hexahedral (in 3-D) elements, and the solution is then

expressed in terms of Nth-order Legendre-Lagrangian polynomials in each

element and spatial direction [66]. On a parallel computer architecture,

each processor accommodates a subset of elements, where only a nearest

neighbor communication at partition boundaries is needed [67]. A detailed

description of the method can be found in the books of Deville et al. [66],

Gottlieb and Orszag [68], Canuto et al. [69], Karniadakis et al, [70] and

Pozrikidis [71].

The simulations were carried out using a code that is based on the

open source spectral element 
ow solver Nek5000 [72], a Computational

Fluid Dynamics (CFD) solver developed at Argonne National Laboratory.

The code is written in Fortran 77 and C and the MPI standard is used for

parallelization. It is specially tuned for high parallel e�ciency and large-

scale simulations. Additional information about Nek5000 can be found in

the code’s homepage [72].

Since detailed kinetic mechanisms are usually quite sti�, with time

scales being orders of magnitude faster compared to the 
uid motion, it

appears reasonable to split the low-Mach-number system of equations (Eq.

(2.1) to (2.6)) into two subsystems, namely the hydrodynamic subsystem

(continuity and momentum equations) and the thermochemistry subsystem

(energy and species equations). The two subsystems are coupled through

the velocity in the species and energy equations, while thermophysical prop-

erties appearing in the 
ow equations depend on temperature and mixture
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composition. Furthermore the thermal divergence constrains the evolution

of the 
ow �eld. The thermochemistry subsystem (Eq. (2.4) to (2.8)) is

treated by a plugin developed at the Aerothermochemistry and Combustion

Systems Laboratory of ETH Zurich. The result is a large system of coupled

non-linear partial di�erential equations. First, the nonlinear thermochem-

istry subsystem is solved implicitly using a sti� integrator and an extrapo-

lated velocity �eld. The spatial discretization of the thermochemistry sub-

system yields an ordinary di�erential equations (ODE) inital value problem

which is advanced in time by the implicit sti� ODE integrator CVODE from

the SUNDIALS suite [73], based on sti�y stable backward di�erentiation

formulas (BDF). The thermodynamic state of the system is then known.

During the subsequent substep the hydrodynamic subsystem is advanced

in time using a projection type velocity correction scheme introduced by

Orszag et al. [74]. A semi-explicit integration approach is used for the

hydrodynamic subsystem. Thermodynamic properties, gaseous and surface

reaction rates are computed using Chemkin [75,76], while a mixture-average

transport model is adopted along with the Chemkin transport database [64]

or optimized case-speci�c and subroutines compatible with Chemkin.

Details about the validation of the incompressible and the low-Mach-

number non-reactive 
ow solvers can be found in the PhD thesis of Kerke-

meier [67]. Finally, the catalytic model implemented by Pizza [77] and

Brambilla [78] and validated against steady catalytic combustion results

from a well established code developed at the Paul Scherrer Institute [27]

which successfully simulated experiments in lean methane [79], lean hydro-
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gen [29], and more recently in lean CO/H2 [80] and in rich hydrogen [81]

over Pt.

2.3 Performance improvements

In order to improve the code performance, several improvements were im-

plemented in the course of this thesis.

CVODE solves ODE initial value problems (IVPs) in real N -space of

the form:

_y = f(t; y); y(t0) = y0 (2.16)

where y 2 RN , and _y denotes dy=dt. The methods used in CVODE are

variable-order, variable-step multistep methods, based on formulas of the

type
K1X

i=0

�n;iyn�i + hn

K2X

i=0

�n;i _yn�i = 0 (2.17)

Here the yn are computed approximations to y(tn), and hn = tn �tn�1 is the

step size. For sti� problems, CVODE provides the Backward Di�erentiation

Formulas (BDF) in so-called �xed-leading coe�cient (FLC) form, given by

K1 = q and K2 = 0, with order q varying between 1 and 5. The coe�cients

are uniquely determined by the method type, its order, the recent history

of the step sizes, and the normalization �n;0 = �1 [82,83].

For either choice of formula, the nonlinear system

G(yn) � yn � hn�n;0f(tn; yn) � an = 0 (2.18)
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where �n �
P

i>0(�n;iyn�i +hn�n;i _yn�i), must be solved at each integration

step. For this, a Newton iteration requires solution of the linear systems

M [yn(m+1) � yn(m)] = �G(yn(m)) (2.19)

in which

M � I � 
J; J = @f=@y; 
 = hn�n;0 (2.20)

In general, solution of Eq. (2.19) proceeds in two steps: 1) evaluation

of G (RHS evaluation) and 2) solution of the linear system to �nd yn(m+1).

Therefore, optimization could be done in both steps.

2.3.1 Optimized RHS evaluation

The right-hand-side evalution was optimized in 3 ways:

1) Optimized source term subroutines: routines with the same interface

as Chemkin were developed for the speci�c reaction mechanism and species

properties. In this way, some terms could be pre-calculated, simpli�ed

or ignored in special conditions. By using this method performance was

improved by up to 20%.

2) Avoiding RHS evaluation at the duplicate points along the internal

spectral element boundaries: Duplicate points are identi�ed during prepro-

cessing and source terms are evaluated once for each of these points. By

avoiding RHS evaluation for duplicated points, an enhancement in perfor-

mance up to 15% was observed.
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2.3. Performance improvements

3) Avoiding reaction source term evaluation with minor changes: Pre-

vious time step source term value was used when jyn+1
k �yn

k j � solver error.

Performance improvement depends on local conditions and was observed to

vary in the range 5-25%.

2.3.2 Preconditioning of the linear system

When a Newton method is used to solve the nonlinear system (2.18), CVODE

makes repeated use of a linear solver to solve linear systems of the form

Mx = �r, where x is a correction and r a residual vector. If this linear

system solution is accomplished with one of linear solvers, these solvers

are rarely successful if used without preconditioning; it is hence generally

necessary to precondition the system through multiplication by an easily-

invertible matrix P in order to obtain acceptable e�ciency. A system

Ax = b can be preconditioned on the left, as (P �1A)x = P �1b; on the

right, as (AP �1)Px = b; or on both sides, as (P �1
L AP �1

R )PRx = P �1
L b. A

Krylov iterative method is then applied to a system with the matrix P �1A,

or AP �1, or P �1
L AP �1

R , instead of A. In order to improve the convergence

of the Krylov iteration, the preconditioner matrix P , or the product PLPR,

should approximate the system matrix A. Yet at the same time, in order

to be cost-e�ective, the matrix P , or matrices PL and PR, should be com-

putationally cheap to evaluate and invert. Finding a good tradeo� between

rapid convergence and low cost can be very di�cult.

Typical preconditioners are based on approximations to the system

Jacobian, J = @f=@y. Since the Newton iteration matrix involved is M =
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2. Numerical approach

Figure 2.1: Jacobian matrix structure of a small sample system: (a) real Ja-
cobian, (b) approximated Jacobian. Order of magnitude of red and orange
points is higher than that of the green ones.

I � 
J , any approximation J to J yields a matrix that can be used as a

preconditioner, namely P = I � 
J .

The approximate Jacobian was constructed by considering only the

gas-phase and surface reaction source terms. Such matrix is a good approx-

imation of the Jacobian and at the same time, due to its block-diagonal

structure, can be inverted at low computational cost. Fig. 2.1 illustrates

real and approximated Jacobian matrices for a small sample system (�500

grid points). The similarity of Fig. 5.2(a) and (b) is evident. In contrast

to the few percent improvement for the RHS evaluation, enhancement by

preconditioning was signi�cant and the solver performance was boosted by

�500%. It was observed that the number of iterations decreased while the

time step size increased.
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Chapter 3

DNS of turbulent channel-
ow

catalytic combustion �

The present chapter presents 3-D direct numerical simulations of turbu-

lent catalytic combustion of fuel-lean H2/air mixtures in a plane channel at

two inlet bulk Reynolds numbers (ReH = 5700 and 12360) and four global

catalytic rates, with one of them corresponding to the transport-limited so-

lution (in�nitely-fast surface chemistry) and another to the chemically-inert

case (no surface reactions). The main goal is to assess the impact of vary-

ing turbulence levels and chemical time scales on the resulting 
uctuations

of the surface reaction rates. By reducing the rate of surface chemistry at

a given Reynolds number, the suppression of the temporally-fast catalytic

rate 
uctuations (which are in turn dictated by the overlying temporally-

fast 
uctuations of the normal-to-wall turbulent scalar transport) can be
�The content of this chapter have appeared in Arani, B. O., Frouzakis, C. E.,

Mantzaras, J., Lucci, F., & Boulouchos, K. (2018). Direct numerical simulation of
turbulent channel-
ow catalytic combustion: E�ects of Reynolds number and catalytic
reactivity. Combustion and Flame, 187, 52-66.
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3. DNS of turbulent channel-flow catalytic combustion

assessed. Alternatively, by increasing the Reynolds number at a given chem-

ical reaction rate, the extent of departure from complete conversion of the

limiting reactant (i.e. �nite-rate chemistry e�ects) at the catalytic surface

and the suppression of 
ow laminarization can be evaluated. Finally, the

increase of the average catalytic rates due to turbulence can be assessed

by comparing the DNS predictions with corresponding laminar-
ow simu-

lations.

This chapter is organized as follows. The kinetic model, operating

conditions and computational domain are introduced in Section 3.1. Main

results are presented in Section 3.2, starting with the turbulent 
ow lami-

narization in Section 3.2.1 and the underlying turbulence-chemistry inter-

actions in Section 3.2.2. Average turbulent catalytic rates are calculated

and compared to corresponding laminar rates in Section 3.2.3, while tur-

bulent catalytic rate 
uctuations are elaborated in Section 3.2.4. Finally,

conclusions are summarized in Section 3.3.

3.1 Kinetic model, computational domain and

operating conditions

A constant temperature of Tw = 960 K is imposed at the catalytic walls.

This temperature is signi�cantly lower than the minimum Tw � 1150 K

required to achieve gas-phase ignition of lean H2/air mixtures in typical

catalytic channel con�nements with hydraulic diameters of a few mm at at-

mospheric pressure [14,84]. The HO2 and H2O2 gaseous chemistry was still

32



3.1. Kinetic model, computational domain and operating conditions

present at such low temperatures, however, simulations with the addition of

the elementary gaseous reaction mechanism from Burke et al., [85] yielded

HO2 and H2O2 mass fractions less than 7�10�7 and 5�10�9 at the channel

exit for cases LN and HN, respectively. Furthermore, the catalytic hydrogen

reaction rates computed with and without the inclusion of gaseous chem-

istry di�ered by only 0.001%. Thus, only catalytic chemistry is considered

without bulk gas-phase reactions. Detailed catalytic mechanisms exist in

the literature for the oxidation of H2=O2 over platinum [31,86,87], however

for the present study a single step is adopted to reduce the computational

cost allowing for parametric DNS study and facilitate the interpretation of

the investigated turbulence-chemistry interactions.

Three kinetic models are employed for the catalytic oxidation of hy-

drogen on Pt. Using a global catalytic step

H2 + 1=2O2 ! H2O (3.1)

which, for lean stoichiometries, is �rst order with respect to hydrogen and

zero order with respect to oxygen concentration according to the early work

of Schefer [88]:

_sH2 = Bs exp(�Es=RTw)[H2]w (3.2)

For the reference case, the kinetic parameters are Bs = 6 � 103 cm/s,

Es = 14:9 kJ/mol and [H2]w is the hydrogen concentration at the wall in

mol/cm3. It has been shown in [78] that for a surface temperature of 960 K

this global step reproduces the catalytic hydrogen conversion computed
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3. DNS of turbulent channel-flow catalytic combustion

with the validated in [29] (at lean H2/air stoichiometries and atmospheric

pressure) detailed H2/O2 surface mechanism on Pt from Deutschmann et

al. [31].

The second kinetic model considers in�nitely-fast chemistry for the

reaction (3.1). In this case a zero concentration of the limiting hydrogen

reactant is imposed on the catalyst surface, YH2;w = 0, while Neumann

boundary conditions are applied to all other species [89]:

Jk;w =
(� 0

k � � 00
k )Wk

WH2

JH2;w; k = O2; H2O; N2 (3.3)

where � 0
k and � 00

k are the stoichiometric coe�cients of species k in the reac-

tants and products side of reaction (3.1), respectively, while the wall mass


uxes Jk;w are computed using Eq. (2.14). It is worth noting that care

must be exercised when applying Yi;w = 0 for the limiting reactant. As the

molecular di�usivity of H2 is about four times that of O2, this leads to a

surface equivalence ratio nearly twice that of the bulk gas, as shown in [90].

However, the ultra-lean bulk stoichiometry (’ = 0:24) of the present study

warrants a surface stoichiometry that is still lean (’ � 0:48) such that H2

remains the limiting reactant. Moreover, turbulence tends to equalize the

e�ective turbulent di�usivities of H2 and O2 such that the disparity between

bulk and surface equivalence ratios is further reduced.

In the third scheme the reaction rate is slowed down in order to high-

light increased �nite-rate chemistry e�ects. A global catalytic step similar

to the reference case is used with a pre-exponential factor of B�
s = Bs=75

for the low or B�
s = Bs=60 for the high Reynolds number. The unequal
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3.1. Kinetic model, computational domain and operating conditions

Figure 3.1: Schematic of the computational domain and wall temperature
pro�le.

scaling factors are necessary since a reduction of the kinetic rate by 75 in

the high Reynolds case results in very low hydrogen conversion.

The aforementioned three kinetic schemes in addition to the non-reacting

case (no surface chemistry) are investigated for two in
ow conditions with

bulk Reynolds numbers ReH = 5700 and ReH = 12360 (ReH = HUIN=�)

based on the channel height H and the mean in
ow velocity UIN (corre-

sponding to friction Reynolds numbers Re� = 182 and Re� = 385 (Re� =

hu� =�), respectively [91]). A summary of all simulated cases is given in

Table 3.1, where the �rst letter denotes the Reynolds number (L for low

and H for high Re), and the second the type of surface chemistry (0 is

without, L is low, N is normal and 1 is in�nitely-fast chemistry). It

should be stressed that, contrary to typical DNS of non-catalytic turbu-

lent reacting 
ows, the highest Reynolds number in Table 3.1 is very rel-

evant to practical systems [12]. To quantify the turbulent and chemical

time scales, a characteristic Damk�ohler number, Dat, has been included in

Table 3.1. It is the ratio of a characteristic turbulence time in the non-

reacting recycling section �tur = h=u� [91] to a characteristic chemical time
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3. DNS of turbulent channel-flow catalytic combustion

�ch = h=Bsexp(�Es=RTw), such that Dat = Bsexp(�Es=RTw)=u� , with u�

the friction velocity and h = H=2.

Table 3.1: Simulation parameters�

Case Re� ReH B�
s Dat

L0 182 5700 0 0
LL 182 5700 Bs=75 0.08
LN 182 5700 Bs 6.29
L1 182 5700 1 1
H0 385 12360 0 0
HL 385 12360 Bs=60 0.05
HN 385 12360 Bs 2.97
H1 385 12360 1 1
* Friction Reynolds number (Re� ),

bulk Reynolds number (ReH), pre-
exponential factor (B�

s ) of global
kinetic step in Eq. (3.2) and turbulent
Damk�ohler number (Dat).

The computational domain (see Fig. 3.1) comprises a 3-D channel with

full-height H = 2h = 5 mm, width W = 3h = 7:5 mm, and lengths L =

36h = 90 mm and L = 24h = 60 mm for the low and high Reynolds number

cases, respectively. Hereafter, variables are reported non-dimensionalized

by the channel half-height Lref = h = 2:5 mm, the inlet temperature Tref =

320 K, the inlet mean velocities Vref = 2240 cm/s for the low Reynolds

number cases (Re� = 182) and Vref = 4857 cm/s for the high Reynolds

number cases (Re� = 385), and the properties of the incoming mixture; an

exception is the species mass fractions Yi, which will be reported without

referencing by the inlet values Yi;IN. Moreover, the turbulence intensities

in the forthcoming Fig. 3.2 are non-dimensionalized not by the reference

inlet mean velocities but, for comparison with literature data [1], by the
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3.1. Kinetic model, computational domain and operating conditions

friction velocities (u� = 143 cm/s for the low and u� = 303 cm/s for the

high Reynolds number cases) in the turbulence-producing recycling section

(which is located upstream of the catalytic channel as explained next).

A uniform fuel-lean (equivalence ratio ’ = 0:24), atmospheric pressure

H2/air mixture is admitted at the channel inlet. Turbulence at the channel

in
ow is generated by an upstream recycling section of length LR (Fig. 3.1)

with cold isothermal walls (TC = 320 K), where the state of the 
ow is

advanced in time together with the rest of the domain; at each time step the

velocity �eld at z = LR is copied to the in
ow plane at z = 0. The reactive

mixture enters the domain at a constant temperature TIN = TC = 320 K,

and the wall temperature is increased smoothly from the in
ow temperature

to TH = 960 K via a hyperbolic tangent pro�le:

T = TC + 0:5(TH � TC)[1:0 + tanh((z � LT )=Rz)] (3.4)

The hyperbolic temperature ramp is centered at z = LT and 99% of the

temperature increase occurs in a segment of length �z < 2. The channel

walls are coated with platinum over the length z > LT . For the low Reynolds

number (Re� = 182) cases LR and LT are respectively 12 and 14, while for

the high Reynolds number cases (Re� = 385) LR = 6 and LT = 7:5. The

LR length is su�ciently long to produce a fully-developed turbulent channel


ow after adequate 
ow recycling, but not excessive in order to maintain

a tractable computational cost, especially in the higher Reynolds number

cases. The ramp parameter Rz in Eq. (3.4) is also varied from Rz = 0:4

for the low Reynolds number to Rz = 0:2 for the high Reynolds number.
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3. DNS of turbulent channel-flow catalytic combustion

In order to compare the results in both geometries, an additional variable

z0 = z � LT was de�ned such that the catalyst starts at z0 = 0 as indicated

in Fig. 3.1. Zero-Neumann and periodic boundary conditions are imposed

at the channel outlet (z = L) and the spanwise x-direction, respectively.

The domain is discretized with spectral elements uniformly distributed

in the x-direction, and clustered close to the walls in the y-direction, follow-

ing a Chebyshev distribution yn = cos[2�(n�1)=(ny �1)]. For all cases, the

�rst point o� the wall is located at y+ < 0:2 wall units. In the streamwise

direction, the spectral elements are uniformly distributed along the recy-

cling section z < LR. In the catalytic section, and in order to better capture

the developing mass and thermal boundary layers, the grid was re�ned at

z = LR and then uniformly expanded down to the out
ow plane z = L.

For the lower Reynolds number (Re� = 182) cases a grid of 20 � 20 �

140 elements is used for a total of 19; 208; 000 unique grid points, while

for the high Reynolds number (Re� = 385) cases the corresponding grid

comprises 32 � 32 � 280 elements yielding a total of 98; 344; 960 unique grid

points, for the chosen polynomial order N = 7. The catalytic reaction rates

were evaluated using Surface-Chemkin [76], while transport properties were

calculated from the Chemkin transport database [64].

After the 
ow reached a statistical steady state, data were collected

for approximately 4 convective time units (� 4L=Vref ). The simulations

were performed on the Cray XE6 supercomputer of the Swiss National

Supercomputing Center, using up to 4096 CPUs and required approximately

36,000 CPU hours for each convective time unit (� 0:004 s) of simulation
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Figure 3.2: (a, b, c) Streamwise (w0), transverse (v0) and spanwise (u0) non-
dimensional rms velocity 
uctuation intensities and (d) Reynolds stresses
Rvw = hv0w0i in the non-reacting recycling section and comparison with
DNS data from Moser et al. [1]. Velocities are non-dimensionalized by the
friction velocity u� .

in the Re� = 182 cases and 240,000 CPU hours for each convective time

unit (� 0:0012 s) in the Re� = 385 cases.

3.2 Results

3.2.1 Turbulent 
ow laminarization

Averaging was performed both in time and spanwise x-direction, exploiting

the statistical stationarity and periodicity of the 
ow. Thus, the average of
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a scalar g is hgi = 1
W T

R
x

R
t g(x; y; z; t)dxdt. Transverse pro�les of Reynolds

stresses Rvw = hv0w0i and velocity rms 
uctuation intensities at the end of

the recycling section (z = LR) at the two Reynolds numbers are presented in

Fig. 3.2. The pro�les of the non-reacting recycling section are in excellent

agreement with the isothermal non-reacting DNS by Moser et al. [1] for

fully-developed turbulent channel 
ows with practically the same friction

Reynolds numbers (Re� = 180 and 395). Since the Reynolds numbers

are modest, the statistics of the turbulent 
ow are not Reynolds-number-

independent as clearly captured by the simulations (Fig. 3.2).

Turbulence 
ow statistics in the catalytic section are illustrated in

Fig. 3.3 for Cases LN and HN. Due to heat transfer from the hot walls

and the resulting gas expansion, with increasing streamwise distance the

peaks of the spanwise and transverse components u0 and v0 are pushed

away from the wall, initially increasing slightly in magnitude (see the u0

and v0 pro�les at z0 = 1:5 in Fig. 3.3). Farther downstream, the u0 and v0


uctuations gradually decrease, and close to the out
ow the peak of u0 is

reduced by approximately 37% and 25% at Re� = 182 and Re� = 385, re-

spectively. The lower turbulence intensities with increasing z0 is a result of


ow laminarization due to the increase of the gas viscosity induced by heat

transfer from the hot catalytic walls. Since the thermal boundary layers at

the higher Reynolds number are thinner, the e�ects of heat transfer on 
ow

laminarization are weaker at Re� = 385 compared to Re� = 182. Similar

reductions are experienced by the wall-normal velocity 
uctuations v0. The

reduction of turbulent 
uctuations and the laminarization of heated gaseous
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Figure 3.3: Transverse pro�les of non-dimensional rms 
uctuation intensi-
ties and Reynolds stresses Rvw for (a) Case LN and (b) Case HN, at selected
streamwise positions z0 (z0 = z � LT ). The solid lines marked RS refer to
the non-reacting recycling section.
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ows is in agreement with literature heat transfer results [92, 93]. Stream-

wise velocity 
uctuations w0 drop with increasing z0 for y > 0:2, again due

to increased viscosity induced by strong heating. On the other hand, closer

to the wall (y < 0:2), the behavior of w0 is more complex, and can be

explained with arguments put forth in the non-reacting heat-transfer litera-

ture [92]. There, heating increases the local volumetric expansion which in

turn intensi�es ejection of low-speed hot 
uid away from the wall and mod-

erates the laminarization due to increased viscosity, thus locally increasing

w0. Similarly, the e�ect of local volumetric expansion overtakes the lami-

narization for y < 0:1 at Re� = 385, such that w0 increases monotonically

with increasing z0.

The streamwise velocity 
uctuation intensities w0 for all cases at z0 =

2:5 and 9.0 illustrated in Fig. 3.4 show modest di�erences for the same

Reynolds number cases. The small di�erences can be explained by two pro-

cesses. First, catalytic oxidation of hydrogen to water results in volumetric
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3.2. Results

Figure 3.5: Instantaneous snapshot of �2 = �1 iso-surfaces (gray structures)
over the lower-half channel domain with superposed snapshot of the non-
dimensional temperature gradient dT=dyjy=0 on the lower wall (color map)
(a) Re� = 182 (Case LN) and (b) Re� = 385 (Case HN). The catalytic wall
is at z0 > 0.

reduction (see reaction (3.1)) that slightly ameliorates the expansion e�ects

due to heat transfer (combustion induces a volumetric reduction up to 4%

for the present H2/air equivalence ratio of 0.24). On the other side, the

production of water at the catalyst surface leads to a decrease in the ther-

mal conductivity of the gaseous mixture, weakening the wall heat transfer.

Di�erent catalytic reaction rates cause di�erent production rates of water

(the highest water production is for L1 and H1), which in turn a�ect

mildly the 
ow laminarization.

A snapshot of the iso-surface �2 = �1, which is used to identify the

vortical 
ow structures, is illustrated in Fig. 3.5 for the lower half-height

of the channel for Cases LN and HN. The �2 is de�ned as the second of

the three real eigenvalues of the tensor S2 + 
2, where S and 
 are re-

spectively the symmetric and antisymmetric parts of the velocity gradient

tensor �u [94]. The much �ner turbulence structure at the higher Reynolds

number is readily observable in Fig. 3.5, where a color-coded snapshot of
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3. DNS of turbulent channel-flow catalytic combustion

Figure 3.6: Instantaneous snapshot of non-dimensional temperature dis-
tribution onto the zy-plane at x = 0:75 (color maps). Quasi-streamwise
vortical structures demarcated by isocontours of non-dimensional stream-
wise vorticity (white lines: !z = �1, black lines: !z = 1) on the same plane.
(a) Re� = 182 (Case LN) and (b) Re� = 385 (Case HN). The catalytic wall
is at z0 > 0.

the temperature gradient, an indicator of the instantaneous heat transfer to

the gas, is superposed at the lower wall. The impact of Reynolds number on

the topology and density of vortical structures is particularly strong, and

their suppression along the streamwise z-direction manifests 
ow laminar-

ization. Since the temperature boundary layer is thinner at the beginning

of the Pt-coated thermally developing section, the temperature gradient is

higher in this area and decreases downstream. On the other hand, some

locations with high temperature gradients are still observed farther down-

stream (especially at Re� = 385), indicating that vortical structures bring

low temperature 
uid from the channel core to the wall, thus increasing the

local temperature gradient.

The e�ect of wall heat transfer on the turbulent structures is illustrated

in Fig. 3.6, for the LN and HN cases, depicting temperature isocontours

on the yz-plane at x = 0.75 and the quasi-streamwise vortical structures

demarcated by isolines of the streamwise vorticity !z = �1 (white lines)
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Figure 3.7: Instantaneous snapshot of YH2 onto the zy-plane at x = 0:75
(color maps). Quasi-streamwise vortical structures are demarcated by iso-
contours of non-dimensional streamwise vorticity (white lines: !z = �1,
black lines: !z = 1) at the same plane, (a) Re� = 182 (Case LN) and (b)
Re� = 385 (Case HN). The catalytic wall is at z0 > 0.

and !z = 1 (black lines). Comparison of the structures in the recycling

and in the catalytic sections shows that as soon as the gas is heated, the

vortical structures are pushed away from the wall. Farther downstream the

vortical structures are strongly suppressed, particularly for the LN case,

clearly showing the e�ect of 
ow laminarization.

3.2.2 Turbulence-catalytic chemistry interactions

In Fig. 3.7, !z vorticity isolines are superimposed to isocontours of YH2 on

the zy-plane at x = 0:75, for Cases LN and HN. In the non-catalytic section

(z0 < 0) the mass fraction of hydrogen is everywhere equal to YH2;IN and the

species boundary layer starts to develop from z0 = 0. Evidently, the species

boundary layer is thinner for the higher Reynolds number Case HN. Color

maps of the ratio of hydrogen mass fraction at the lower wall (YH2;w) to the

inlet mass fraction (YH2;IN) for all reactive cases are depicted in Fig. 3.8, with

superposed isolines of streamwise vorticity !z = 1 (black lines) and !z = �1
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3. DNS of turbulent channel-flow catalytic combustion

Figure 3.8: Instantaneous snapshot of YH2;w=YH2;IN (%) at the lower wall
y = 0 (color maps). Quasi-streamwise vortical structures are demarcated by
isocontours of non-dimensional streamwise vorticity (white lines: !z = �1,
black lines: !z = 1) at the zx-plane and y = 0:07. (a) to (f) are Cases LL,
LN, L1, HL, HN, and H1, respectively. The catalytic wall is at z0 > 0.
Note the di�erent scales in the color bars.
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3.2. Results

(white lines) on the zx-plane and at y = 0:07. The ratio YH2;w=YH2;IN is

a direct measure of the degree of �nite-rate chemistry (the closer to zero

the ratio is, the faster the catalytic reaction). Although a true measure

of �nite-rate chemistry is the local wall-to-center ratio YH2;w=YH2 jy=1, the

center-plane hydrogen mass fraction drops only weakly for the present high


ow velocities such that YH2;IN � YH2 jy=1. For in�nitely-fast chemistry

(Cases L1 and H1) this ratio is identically zero on the catalytic walls (see

Figs. 3.8c and 3.8f). For slow �nite-rate chemistry (Cases LL and HL),

catalytic reactions cannot cope with the increased turbulent transport of

reactants towards the wall such that more than 50% of YH2;IN persists at

the wall in Figs. 3.8a and 3.8d. For normal chemistry (Cases LN and HN),

the hydrogen mass fraction at the wall has its highest value at the beginning

of the platinum-coated section (z0 = 0) and drops rapidly to a few percent

of YH2;IN farther downstream. This indicates that catalytic reactions are,

over most of the catalytic surface area, still fast compared to the turbulent

transport.

A correlation between counter-rotating vortex pairs (!z = �1) and

regions of high YH2;w is readily seen in Figs. 3.8b and 3.8e. The quasi-

streamwise vortices and turbulent structures bring fresh mixture from the

channel core towards the wall, keeping the concentration of hydrogen near

the wall above zero. The frequency of these isolated "islands" (shown in red-

dish color) of increased instantaneous hydrogen concentration at the wall is

much higher in Case HN with higher turbulent transport compared to Case

LN. The formation of such islands is a clear manifestation of �nite-rate sur-
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Figure 3.9: Scatter plot of reaction rates (kg=m2s) and hydrogen mass frac-
tion 
uctuations at z0 = 2:5 and y = 0:1 for Case LN. Crosses and dots are
associated with v < 0 and v > 0, respectively.

face chemistry, indicating that the catalytic reactions are not fast enough to

cope with the locally and instantaneously high turbulent transport towards

the wall.

Fig. 3.9. provides a scatter plot of the instantaneous hydrogen mass

fraction at z0 = 2:5 and y = 0:1, and the corresponding hydrogen reaction

rate at the lower wall (y = 0) and at the same z0 for Case LN. Crosses

and dots are associated with v < 0 and v > 0, respectively. Events with

negative v have relatively higher Y 0
H2

and therefore higher _sH2 , indicating

the presence of vortices bringing fresh mixture towards the wall that leads

to higher hydrogen conversion.
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Figure 3.10: Ratio of average hydrogen turbulent catalytic reaction rate to
the corresponding laminar catalytic reaction rate for all reactive cases at
various streamwise positions z0. For every case a characteristic Damk�ohler
number Dat = Bsexp(�Es=RTw)=u� with u� the friction velocity is also
given. Results are shown for z0 over which the wall temperature ramp
has reached its �nal value Tw = 960 K. The corresponding inverse Graetz
numbers Z 0 (based on the channel hydraulic diameter De = 2H) are also
shown for the two investigated Reynolds numbers.

3.2.3 Mean catalytic reaction rates

Of fundamental importance is the determination of the increase in the av-

erage catalytic reaction rates due to turbulence. While in conventional

gaseous turbulent premixed combustion a key parameter is the ratio of

the turbulent-to-laminar 
ame speed (ST =SL), for a catalytic combustion

system a corresponding relevant parameter is the ratio of turbulent-to-

laminar catalytic reaction rate. Ratios of the average local turbulent hydro-

gen catalytic rates to the corresponding laminar catalytic rates (h _sT i= _sL)

49



3. DNS of turbulent channel-flow catalytic combustion

for all reactive cases are depicted in Fig. 3.10 at various streamwise posi-

tions z0. To facilitate forthcoming discussions, the inverse Graetz numbers

Z 0 = z0=(DeReDeSc) are also shown in Fig. 3.10 with De = 2H the hydraulic

diameter of the planar channel, ReDe the bulk Reynolds number based on

the hydraulic diameter (ReDe = 2ReH) and Sc = 0:20 the Schmidt number

of hydrogen calculated for a ’ = 0:24 stoichiometry in air. The laminar

simulations were performed using the same inlet conditions, wall tempera-

ture pro�les, transport model, and catalytic reaction parameters. The inlet

mean velocity was uniform and equal to the bulk 
ow velocity of the corre-

sponding turbulent cases, however, no recycling section was used and hence

there was no incoming turbulence. Without incoming turbulence the 
ow

in the channel remained laminar as there was no appreciable wall-generated

turbulence at the investigated modest Reynolds numbers and short chan-

nel lengths, as veri�ed by comparing the DNS results with results obtained

using the steady laminar 2-D code of PSI [17, 84]. The computed h _sT i= _sL

were close to unity at the start of the catalytic section, while at z0 = 16 they

increased to 1.07, 1.41, 1.43, 1.10, 1.62 and 1.67 for Cases LL, LN, L1, HL,

HN and H1, respectively. Moreover, the overall hydrogen conversions at

z0 = 16 for the turbulent Cases LL, LN, L1, HL, HN and H1 were 6.2,

22.1, 22.7, 3.9, 16.1 and 16.9%, compared to 4.3, 14.5, 15.0, 2.5, 9.2 and

9.6% of the corresponding laminar conditions.

The rise in h _sT i= _sL with increasing z0 in Fig. 3.10 appears counterin-

tuitive, since it was previously shown (Figs. 3.3 and 3.5) that the turbulent


ow laminarizes farther downstream. However, this behavior can be ex-
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Figure 3.11: Local laminar and turbulent Nusselt numbers (NuL and NuT ,
respectively: solid lines), normalized local average temperatures (�m;L and
�m;T , respectively: dotted lines), non-dimensional wall heat 
uxes (q+

L and
q+

T , respectively: dashed-dotted lines) and ratios q+
T =q+

L (dashed lines) ver-
sus the inverse Graetz number Z 0 for a planar channel with constant wall
temperature and Pr = 0:72. The laminar NuL and �m;L solution is from [2]
while the turbulent NuT and �m;T solutions at two bulk Reynolds numbers
are from [3]. De = 2H is the channel hydraulic diameter.

plained by turbulent and laminar heat and mass transport considerations.

For heat transfer in channels, the dimensional temperature gradient at

the wall is: �
@T
@y

�

w
=

Nu(Tw � Tm)
De

(3.5)

with Nu the Nusselt number and Tm the local average (over the channel
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3. DNS of turbulent channel-flow catalytic combustion

height) temperature. De�ning the normalized temperature �:

� =
Tw � T (z; y)

Tw � TIN
(3.6)

the non-dimensional heat 
ux q+ can be de�ned as:

q+ =
De

Tw � TIN

�
@T
@y

�

w
= Nu �m (3.7)

Figure 3.11 provides the laminar Nusselt number NuL and laminar

average temperature �m;L as functions of the inverse Graetz number Z 0 =

z0=(DeReDePr) with Pr the Prandtl number. The NuL and �m;L are taken

from [2] and refer to the hydrodynamically and thermally developing lami-

nar 
ow in a planar channel with constant wall temperature (boundary con-

dition of the �rst kind), constant 
uid properties and Pr = 0:72; these quan-

tities are further used to construct in Fig. 3.11 the laminar non-dimensional

heat 
ux q+
L according to Eq. (3.7). Corresponding turbulent parameters

NuT and �m;T are taken from [3] and refer to a planar channel with a fully-

developed turbulent 
ow and a thermally developing pro�le with constant

wall temperature and constant 
uid properties, again for Pr = 0:72. In the

turbulent cases there is a dependence on the bulk Reynolds number, such

that plots are shown for ReDe = 10000 and 50000 (ReH = 5000 and 25000).

The turbulent-to-laminar local heat 
ux ratios q+
T =q+

L are also plotted in

Fig. 3.11 for the two Reynolds numbers.

Heat transfer is analogous to hydrogen mass transfer for L1 and H1

(neglecting at this point the variable 
uid properties in the DNS), as only
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3.2. Results

these two cases have a corresponding boundary condition of the �rst kind

(constant mass fraction of hydrogen at the wall, YH2;w = 0). For these

two cases, the Nusselt numbers in Fig. 3.11 also denote Sherwood mass

transfer numbers, Sh, for a species with a constant Schmidt number Sc =

0:72. Although complete correspondence to the hydrogen mass transfer

problem would have required Pr = 0:20 and not 0.72 (since ScH2 = 0:20),

important qualitative information can still be extracted from Fig. 3.11. The

ratios q+
T =q+

L are initially increasing functions of Z 0, reaching a peak and

then decreasing with Z 0. For the lower Reynolds number (ReDe = 10000)

q+
T =q+

L increases monotonically for Z 0 � 0:002, while for the higher Reynolds

number (ReDe = 50000) increases monotonically for Z 0 � 0:0015. Hence, a

fundamental property of heat transfer in constant wall temperature channels

dictates monotonically increasing q+
T =q+

L with Z 0, at least for su�ciently

short Z 0.

The q+
T =q+

L dependence in Fig. 3.11 is qualitatively similar to the mono-

tonic rise of h _sT i= _sL with Z 0 in Fig. 3.10 (h _sT i= _sL is proportional to the

hydrogen mass 
ux ratio hJH2;T i=JH2;L according to Eq. (2.14)), given that

the Graetz numbers for the mass transfer problem in Fig. 3.10 are short

(Z 0 = 0:0017 and 0.0008 for the two Reynolds numbers). Note that the

constant 
uid property consideration in Fig. 3.11 does not allow for 
ow

laminarization of the turbulent cases. However, the results in Fig. 3.10

indicate that despite the 
ow laminarization induced by the variable prop-

erties of the heated gas, the basic dependence of the standard constant

property heat and mass transfer for an increasing q+
T =q+

L or hJH2;T i=JH2;L
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3. DNS of turbulent channel-flow catalytic combustion

with increasing Z 0 at su�ciently short Z 0 is maintained. Apart from the

L1 and H1 cases (which have boundary conditions of the �rst kind for

hydrogen), all other cases also exhibit a qualitatively similar behavior for

h _sT i= _sL as that of q+
T =q+

L in Fig. 3.11, albeit the rise in h _sT i= _sL with in-

creasing Z 0 is weaker when the chemistry is slowed down. Finally, for the

slowest chemistry cases LL and HL the ratios h _sT i= _sL can become less than

unity at very short Z 0. This is due to the fact that the signi�cantly reduced

catalytic reactivity in the LL and HL cases cannot cope with the enhanced

turbulent transport present at short Z 0.

The dependence of h _sT i= _sL on the catalytic reactivity for the �nite-

rate chemistry cases LL, LN, HL, and HN could not be readily addressed

in Fig. 3.11. An expression for the dependence of h _sT i on the catalytic

reactivity is hence desirable. For a laminar plane channel 
ow with a global

catalytic reaction F + �OO ! �P P , which is �rst-order with respect to the

de�cient reactant (considered to be the fuel F as in Eq. (3.2)), Mantzaras

and Appel [25] presented analytical solutions for the normalized gradient of

the de�cient reactant at the wall:

(1=YF;IN)(Y 0
F;w)Das

(1=YF;IN)(Y 0
F;w)Das!1

=
GPDas

GPDas + [(1=YF;IN)(Y 0
F;w)]Das!1

(3.8)

where YF;IN is the fuel mass fraction at the inlet, Y 0
F;w the transverse (y-

direction) scaled gradient of the fuel at the wall, and Das an appropriate

catalytic Damk�ohler number de�ned as [25]

Das =
hBsexp(�Es=RTw)

�th;IN
(3.9)
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3.2. Results

with Bs and Es the kinetic parameters in Eq. (3.2), h the channel half-height

(see Fig. 3.1) and �th;IN the thermal di�usivity of the gaseous mixture at

the inlet. The solution in Eq. (3.8) was obtained using a 2-D approach,

variable transport properties obeying the Chapman-Rubesin [95] conditions

(�� = const., �� = const., �2DF = const.), and constant cp, which lead to

a constant Prandtl number and constant Lewis number for the de�cient

reactant. Furthermore, a uniform axial wall temperature pro�le Tw(z) =

const. and uniform inlet properties were considered. Since the ratio of the

wall fuel transverse gradients in the left side of Eq. (3.8) is equal to the

ratio of the catalytic surface rates _sDas= _sDas!1

_sDas

_sDas!1
=

GPDas

GPDas + [(1=YF;IN)(Y 0
F;w)]Das!1

(3.10)

where the functions G and P are

G = Le
p

2�Pr
�

Tw

TIN

��1

(3.11)

P = 1 + 0:158
�

Tw

TIN

��1:12

Le0:32Da0:75
s �0:13 (3.12)

with � the inverse Graetz number based on the channel half-height h

� =
z

hRehPr
(3.13)

and Reh is the inlet Reynolds number based on the channel half-height h

and Pr the constant Prandtl number. Equation (3.10) provides the ratio

of the local laminar catalytic rate under �nite-rate surface chemistry to
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Figure 3.12: Plot of Eq. (3.14) (dashed lines) and DNS data (symbols) for
Cases LL, LN, HL and HN. The abscissa changes as the streamwise distance
z0 changes.

the corresponding laminar rate at in�nitely-fast chemistry (Das ! 1).

Further, Eq. (3.10) displays the proper functional dependencies: for Das !

1 the ratio _sDas= _sDas!1 approaches unity, while for Das ! 0 (non-reacting

surface) the ratio tends to zero.

While Eq. (3.14) is valid for laminar 
ows, we seek an approximate

correlation for turbulent 
ows by introducing a correction factor A in the

right side of Eq. (3.10)

h _sT;Dasi
h _sT;Das!1i

=
A GPDas

A GPDas + h(1=YF;IN)(Y 0
F;w)T iDas!1

(3.14)

where the subscript T denotes turbulent 
ows. The proposed Eq. (3.14)

still has the proper limiting behaviors as Das ! 1 or Das ! 0. As shown

in Fig. 3.12, such an expression with A = 2:3 can successfully correlate

56



3.2. Results

the data of all cases in Table 3.1. Of course, Eq. (3.14) has only been

tested for the present Tw=TIN = 3 and for two turbulent Reynolds numbers.

Future work is needed to adapt or check its applicability to di�erent Tw=TIN,

Reynolds numbers and fuel types.

As the transport model of Eq. (2.12) lacked thermal di�usion (Soret

e�ect), its impact was assessed as follows. Firstly, the 2-D laminar simu-

lations were repeated using a mixture-average di�usion model augmented

with thermal di�usion for the light hydrogen species (see [64]). The com-

puted laminar hydrogen catalytic conversion rates _sL for cases LN and HN

increased by up to 8% due to the inclusion of thermal di�usion. The Soret

e�ects for the turbulent LN and HN cases was estimated indirectly from the

existing 3-D DNS simulations by using the local instantaneous transverse

gradients of temperature and hydrogen mole fraction at the wall, as well as

the local instantaneous species mole fractions at the wall (the latter in order

to compute the thermal di�usion ratio of hydrogen [64]). These quantities

allowed for estimating the ratio of Soret-to-Fickian transport, which ranged

from 2.9% to 5.1% for the aforementioned LN and HN cases. Hence, Soret

e�ects were minimal for the normal chemistry turbulent cases LN and HN,

and this was also true for the in�nitely-fast chemistry turbulent cases L1

and H1. Soret e�ects became appreciable only for the slowest chemistry

cases. There, for the turbulent cases LL and HL the ratio of Soret-to-Fickian

transport was as high as 22%. Still, as the LL and HL cases had already a

very small hydrogen conversion, the main results for these two cases would

not appreciably alter by the inclusion of thermal di�usion.
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3. DNS of turbulent channel-flow catalytic combustion

Figure 3.13: Instantaneous snapshot of _sH2(kg=m2s) onto the lower wall at
y = 0. Quasi streamwise vortical structures are demarcated by isocontours
of non-dimensional streamwise vorticity (white lines: !z = �1, black lines:
!z = 1) on the zx-plane at y = 0:07. The catalytic wall is at z0 > 0.

3.2.4 Turbulence 
uctuations of catalytic reaction rates

In Fig. 3.13, !z vorticity isolines are superimposed on isocontours of (dimen-

sional) reaction rate snapshots on the lower wall ( _sH2). The color maps in

Fig. 3.13 are analogous to isocontours of YH2;w=YH2;IN for the cases with nor-

mal chemistry in Fig. 3.8. This is expected since the instantaneous reaction

rate _sH2 is proportional to [H2]w according to Eq. (3.2). The similarity of

the local reaction rate distribution patterns for in�nitely-fast and for normal
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Figure 3.14: PDFs of _sH2(kg=m2s) for all reactive cases, at six selected
streamwise positions z0. (a) to (f) are Cases LL, LN, L1, HL, HN and
H1, respectively. Mean values (�) and standard deviations (�) are also
provided. Note that the _sH2 scales in (a) and (d) are stretched by 10.

chemistry for each Reynolds number indicates that for normal chemistry,

hydrogen conversion is predominantly dictated by turbulent transport and

not by kinetics.

Probability density functions (PDFs) of _sH2 for the reactive cases are

reported Fig. 3.14, showing up to 300% and 500% di�erences in the instan-

taneous reaction rate at a given streamwise position for Re� = 182 and
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Re� = 385, respectively. With increasing streamwise distance, the means

and standard deviations of _sH2 shift to lower values for all cases except for

LL and HL. The decrease of the mean _sH2 with increasing z0 is due to the

decreased transport to the wall, which is caused by two factors: the growth

of the species boundary layer (which is further manifested by the decreasing

Nu or Sh in Fig. 3.11 with increasing Z 0) and the 
ow laminarization that

reduces the turbulent transport from the center of the channel to the walls

at the far downstream locations (Fig. 3.5). Furthermore, at higher Reynolds

numbers, mean values are always larger at a given streamwise position due

to the increased turbulent transport.

Standard deviations are very low in Cases LL and HL and increase

with increasing z0, while the corresponding mean values do not vary appre-

ciably along z0 (they change by 20% at most) showing that the reaction

rate is controlled by �nite-rate-chemistry and is only weakly a�ected by


uctuations in turbulent transport. In LL and HL the suppression of the

high H2 concentration/high reactivity islands at the wall (inferred from

Fig. 3.8) contributes to a smaller variation of the reaction rate. Therefore,

the standard deviation decreases with increasing z0 as shown in Fig. 3.14.

Moreover, at the far upstream positions, the PDFs of all cases apart from

LL and HL are skewed towards high values re
ecting the presence of sta-

tistically rare but strong transverse transport events, which are associated

with high concentration islands of H2 at the wall.

PDFs of _sH2 at z0 = 2:5 are depicted for all reactive cases in Fig. 3.15.

Comparison of PDFs with the same kinetic parameters shows that for the
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Figure 3.15: PDFs of _sH2(kg=m2s) at z0 = 2:5.

higher Reynolds number the mean values are larger, due to the increased

turbulent transport. Furthermore, comparison of plots with the same ReH

indicates that with increasing kinetic parameters, the distributions shift to

higher values and become broader. Directions for modeling of the average

turbulent reaction rate in Eq. (3.2) can also be drawn from the above results.

In general, the wall temperature Tw need not be constant, particularly for

commercial channels with su�ciently thin walls (�50 �m) that have a low

thermal inertia and are thus able to follow the temperature 
uctuations of

the 
ow [61]. Furthermore, the reaction order in Eq. (3.2) will commonly

be non-unity, thus introducing strong non-linearities in the reaction term.

These non-linearities in conjunction with the strong 
uctuations shown in

Fig. 3.14 suggest that a suitable closure can be based on a presumed PDF

approach for the mean reaction rate.

Time histories of _sH2 are plotted at four streamwise locations z0 and

x = 1:5 for Re� = 182 (Case LN) in Fig. 3.16a and at three z0 and x = 1:5

for Re� = 385 (Case HN) in Fig. 3.16b. The corresponding power spectral
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Figure 3.16: Time histories of _sH2(kg=m2s) and the corresponding power
spectral densities PSD (inset �gures) at x = 1:5. (a) to (c) are Cases LN,
HN and LL, respectively. The horizontal lines denote the mean values of
_sH2 .
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densities (PSDs, obtained by calculating the averages of the squares of the

Fourier transforms at all x-positions) are shown in the insets. The time

signals show rare excursions of high-level reaction rates above the mean. At

the same time it is seen that the minima are more frequent but less strong.

This is consistent with the positively skewed PDFs in Fig. 3.14, whereby

the long tails manifest the presence of very high reaction rate events while

the low reaction rate events cover a narrower range but are more frequent.

Reaction rate 
uctuations for the higher Reynolds number Case HN are

stronger compared to Case LN. The frequency of the peak reaction rate in

the lower Reynolds number Case LN is less than 1 kHz, while at Re� = 385

the corresponding peak frequency is around 3 kHz. Furthermore, it is seen

that the total integrated power drops with increasing streamwise distance

due to the 
ow laminarization.

Fig. 3.16c shows time histories of _sH2 and corresponding PSDs for var-

ious streamwise locations at x = 1:5 and Re� = 182 with slowed down reac-

tion rate (Case LL). The reaction rate decreases with increasing streamwise

position (as seen by the areas under the PSD curves), however, the reaction

rate 
uctuations follow an opposite trend and become stronger.

Cumulative distribution functions �(f) of power spectral density for all

reactive cases at z0 = 10 are plotted in Fig. 3.17. Note that the distributions

are truncated below a low frequency limit (0.2 kHz and 0.9 kHz for Re� =

182 and 385, respectively) as the computed time traces are not long enough

to resolve such low frequencies. The higher frequencies of the power spec-

tra are suppressed with reduced catalytic reactivity as seen by the higher
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Figure 3.17: Cumulative distribution functions �(f) of the spectral energy
content of catalytic reaction rates at z0 = 10 and (a) Re� = 182 and (b)
Re� = 385.

cumulative function magnitude of �nite-rate chemistry cases compared to

in�nitely-fast ones, at a given frequency. Characteristically, the cumulative

distribution function reaches 0.5 at f=800, 1600, 1850, 3000, 3800 and 4400

(Hz) in Cases LL, LN, L1, HL, HN and H1, respectively. This indicates

that a diminishing catalytic reactivity acts as a low-pass �lter for the over-

lying turbulence frequencies. In other words, the catalytic reactions in cases

with slower reactivity are not fast enough to cope with the high frequency

turbulent transport towards the wall. On the other hand, in Cases L1 and

H1, catalytic reaction rate 
uctuations are a direct manifestation of the

turbulent transport 
uctuations.

Averaged non-dimensional turbulent H2 transverse (y-direction) 
uxes

h�v0Y 0
H2

i for Case LN are illustrated in Fig. 3.18a. With increasing stream-

wise distance, the locations of the peaks shift towards the channel core and

settle to y � 0:4 due to the growth of H2 boundary layer. The h�v0Y 0
H2

i in

Case LN reaches its maximum at z0 � 2:5 and y = 0:17. It is also seen that

some curves have another local maximum in between the global maximum

64



3.2. Results

 0

 2e-09

 4e-09

 6e-09

 8e-09

 0  0.2  0.4  0.6  0.8  1

<
rv

'Y
' H

2>
(a) LN z'=0.5

z'=1.5
z'=2.5
z'=5.0
z'=8.0

z'=12.0
z'=16.0

 0

 2e-09

 4e-09

 6e-09

 8e-09

 1e-08

 0  0.1  0.2  0.3  0.4  0.5  0.6

<
rv

'Y
' H

2>

y

(b)

z'

H¥

HN

HL

L¥

LN

LL

Figure 3.18: Averaged non-dimensional turbulent H2 scalar 
uxes (a) Case
LN at various streamwise positions and (b) all reacting cases at z0 = 1:5.

and the channel core, as the density increases from y = 0 to y = 1. Com-

parison of averaged turbulent H2 
uxes for all reactive cases at z0 = 1:5 is

depicted in Fig. 3.18b. It is evident that the magnitude of the turbulent

hydrogen transverse transport is crucially a�ected by the surface reactivity.

However, surface reactivity has a minor e�ect on the location of the high

turbulent transport zone, which is primarily dictated by Reynolds number

and streamwise distance. As turbulent 
uxes require a closure in RANS

(typically via a gradient-type approach) or in LES models (subgrid scalar


ux models), the DNS results in Fig. 3.18 can be used for benchmarking

and/or development of suitable RANS/LES submodels.
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heat 
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In Fig 3.19a averaged transverse pro�les of the temperature gradient

for all cases are shown at z0 = 2:5, while in Fig 3.19b transverse pro�les of

averaged transverse turbulent heat 
uxes hv0T 0i are plotted. The averaged

turbulent heat 
ux decreases monotonically with increasing catalytic reac-

tivity except in the near-wall zone (y < 0:03 and y < 0:07 for the low and

high Re� cases, respectively). For a given Re� , the temperature gradients

in the aforementioned near-wall regions increase with increasing catalytic

reactivity. This is partly attributed to the increasing turbulent 
uxes hv0T 0i

in these inner regions with increasing catalytic reactivity.
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3.3 Conclusions

Three-dimensional direct numerical simulations of turbulent catalytic com-

bustion of fuel-lean hydrogen/air mixtures (equivalence ratio ’ = 0:24)

were performed to study the e�ects of turbulence and catalytic reactivity

on reaction rate 
uctuations in a platinum coated channel with a prescribed

wall temperature of 960 K. Two inlet bulk Reynolds numbers (ReH = 5700

and 12360 with corresponding friction Reynolds numbers Re� = 182 and

385) and four single-step global catalytic rates (non-reacting, slow �nite

rate, normal �nite rate and in�nitely-fast surface chemistry) were investi-

gated. Laminar simulations were also carried out for every catalytic rate

and Reynolds number. The key �ndings of this study can be summarized

as follows:

1) Heat transfer from the hot catalytic walls laminarizes the incoming

turbulent 
ow, such that the peak values of the spanwise turbulence intensi-

ties u0 at the channel outlet were 25% and 37% lower than the corresponding

inlet values for Re� = 385 and 182, respectively. The mechanism of lam-

inarization was manifested by the suppression of the streamwise vertical

structures with increasing streamwise distance, a process that was stronger

for the lower Reynolds number cases.

2) The impact of the 
ow laminarization and of the speci�c catalytic

kinetic rates on the hydrogen concentration on the catalytic walls was as-

sessed. While for in�nitely-fast chemistry the hydrogen mass fraction at the

wall was identically zero, �nite-rate chemistry introduced a large excess of

the hydrogen wall mass fraction, especially at the far upstream positions,
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3. DNS of turbulent channel-flow catalytic combustion

with values exceeding the inlet hydrogen mass fraction by 50%. This was

a result of the catalytic reactions not being fast enough to cope with the

locally and instantaneously high turbulent transport towards the wall. Re-

gions of high hydrogen wall mass fraction appeared as segregated islands

on the catalyst surfaces. The occurrence of such isolated islands was more

frequent in the higher Reynolds number cases.

3) Average turbulent hydrogen catalytic rates were evaluated and com-

pared to corresponding laminar values. The ratio of turbulent-to-laminar

catalytic reaction rates h _sT i= _sL strongly depended on Reynolds number

and catalytic reactivity. The h _sT i= _sL ratios increased monotonically with

increasing streamwise distance, from a value close to unity at the beginning

of the catalytic section to values up to 1.4 and 1.7 at the channel outlet

for the in�nitely-fast chemistry cases with Re� = 182 and 385, respectively.

This happened despite the considerable laminarization of the turbulent 
ow

with increasing streamwise distance. It was shown that key for this behav-

ior was a fundamental property of heat and mass transfer in channel 
ows

with constant properties, which dictated monotonically increasing ratios

of turbulent-to-laminar local transport coe�cients (Nusselt and Sherwood

numbers) with increasing streamwise distance. The turbulent 
ow laminar-

ization in the present variable property simulations reduced the turbulent-

to-laminar transport ratio but could not alter its monotonically increasing

dependence on streamwise distance.

4) The rise of h _sT i= _sL with increasing streamwise distance decelerated

appreciably by slowing down the surface reactivity. For the slowest investi-
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gated surface chemistry this ratio reached only 1.1 at the channel outlet. A

correlation was proposed for the ratio of the turbulent hydrogen catalytic

reaction rate to the corresponding turbulent catalytic rate at in�nitely-fast

chemistry. This correlation, established by extending analytical solutions

for laminar 
ows, successfully reproduced the results of all investigated cat-

alytic reactivities and Reynolds numbers.

5) The instantaneous local reaction rates exhibited large 
uctuations

at a given streamwise position, which were up to 300% and 500% for Re� =

182 and 385, respectively. The probability density functions of the instanta-

neous catalytic reaction rates had narrower distributions (smaller standard

deviations) with increasing streamwise distance. For both Reynolds num-

bers the similar probability density functions of the reaction rates for the

in�nitely-fast and the normal �nite-rate chemistry indicated that in the

latter case hydrogen conversion was predominantly dictated by turbulent

transport and not by kinetics.

6) Fourier analysis was carried out on the time traces of the hydrogen

catalytic reaction rates and cumulative distribution functions of the power

spectral density functions were constructed as a function of frequency. It

was shown that a diminishing catalytic reactivity acted as a low-pass fre-

quency �lter for the overlying 
uctuations of the turbulent 
ow. The sup-

pression of the higher temporal frequencies with reduction of catalytic rates

was due to the inability of the slowed-down catalytic reactions to follow the

fast motions of turbulent transport.
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Chapter 4

Hetero-/homogeneous

combustion with detailed

chemistry �

This chapter presents the �rst 3-D DNS of turbulent catalytic combustion

with detailed heterogeneous and homogeneous chemistry and transport.

Simulations are performed in a 5-mm-height planar channel coated with

platinum, at an incoming Reynolds number of 5,700 (based on the channel

height and the mean inlet velocity), wall temperatures of 1250 K and 1270

K (necessary to achieve gas-phase ignition and which fall in the upper ther-

mal stability limit of practical catalytic reactors used in gas turbines) and

fuel-lean H2/air premixtures (equivalence ratios ’ = 0.16 and 0.18).

The goal is to investigate the impact of turbulence on the catalytic
�The content of the present chapter is published in Arani, B. O., Frouzakis, C. E.,

Mantzaras, J., & Boulouchos, K. (2017). Three-dimensional direct numerical simulations
of turbulent fuel-lean H2/air hetero-/homogeneous combustion over Pt with detailed
chemistry. Proceedings of the Combustion Institute, 36, 4355-4363.
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combustion processes, to expose the interactions between turbulence and

chemistry leading to the onset of homogeneous ignition, and �nally to iden-

tify the conditions for local 
ame extinction. To this direction, equivalence

ratios are selected in such a way that they allow for appreciable homoge-

neous ignition distances, and also for the occurrence of local 
ame extinction

at the selected bulk Reynolds number.

This chapter is organized as follows. The kinetic model, operating con-

ditions and computational domain are outlined in Section 4.1, while main

results follow in Section 4.2, starting with the heterogeneous combustion

processes in Section 4.2.1 and the conditions leading to the onset of ho-

mogeneous ignition in Section 4.2.2. Combined catalytic and gas-phase

combustion processes following the onset of homogeneous ignition and the

conditions leading to local 
ame extinction are elaborated in Section 4.2.3.

Finally, conclusions are summarized in Section 4.3.

4.1 Kinetic model, computational domain and

operating conditions

Contrary to the simulations presented in the previous chapter, detailed

heterogeneous (catalytic) and homogeneous (gas-phase) chemical reaction

mechanisms are employed here. For gas-phase chemistry, the elementary

H2/O2 mechanism of Burke et al. [85] (9 gaseous species and 21 reversible

reactions) is used, while the catalytic oxidation of hydrogen on Pt is de-

scribed by the detailed (mean-�eld) scheme of Deutschmann et al. [31] (6
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Figure 4.1: Schematic of the computational domain and wall temperature
pro�le.

gas-phase and 5 surface species, 14 reactions, surface site density � = 2:72�

10�9 mol=cm2). Validation of the aforementioned hetero-/homogeneous re-

action mechanisms has been reported in laminar channel-
ow experiments

by Ghermay et al. [84]. Gaseous and surface reaction rates are evaluated

using Chemkin [75,76] while a mixture-average transport model is adopted

along with the Chemkin transport database [64].

Table 4.1: Simulation parameters

Case TC (K) TH (K) UIN ’
I 320 1250 22.4 0.16
II 320 1270 22.4 0.18

The computational domain comprises a 3-D channel with full-height

H = 2h = 5 mm, width W = 3h = 7:5 mm and length L = 48h = 120

mm (Fig. 4.1). The domain is split into a recycling (LR and a combustion

section, with lengths 12h and 36h, respectively. As in earlier work [61], in

the recycling section the velocity �eld at z = 12h is copied to the inlet plane

z = 0 in order to generate a fully-developed turbulent channel 
ow at the be-

ginning of the reacting section. The friction Reynolds number Re� = 182 is
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based on the channel half-height h and the friction velocity u� = UIN
p

Cf=2,

where the mean inlet velocity is UIN = 22:4 m/s and Cf = 0:073Re�0:25 [91].

Uniform inlet temperature TIN = 320 K and 
ux boundary conditions for

the species are imposed at the in
ow. Hydrogen/air premixtures at atmo-

spheric pressure are admitted in the channel, with fuel-to-air equivalence

ratios ’ = 0:16 and 0.18 (denoted henceforth as Cases I and II, respectively

(see Table. 4.1)). The upper and lower channel walls are coated with Pt

for z � 14h, leading to a catalytically-active length LCAT AL = 34h (Fig.

4.1). The wall temperatures are ramped with a hyperbolic tangent function

Tw = Tc + 0:5(TH � TC)(1:0 + tanh(z � 14h)=0:4h)) from an initial temper-

ature TC = TIN to a �nal TH = 1250 K for Case I and TH = 1270 K for

Case II. This de�nes a ramping length 13h � z � 15h (encompassing 0.7%

to 99.3% of the temperature rise, see Fig. 4.1). At the outlet and in the

spanwise x-direction, zero-Neumann and periodic boundary conditions are

imposed, respectively.

The domain is discretized with 20 uniform elements in the spanwise

x-direction, and 20 elements clustered close to walls in the y-direction with

the �rst point near the wall located at y+ = 0:146 wall units. In the

streamwise z-direction, 20 elements are allocated to the recycling section

with uniform distribution, while 180 uniform elements are distributed in the

reacting section in order to resolve the steep thermoscalars gradients. By

using seventh-order interpolating polynomials in each spatial direction and

element, the computational domain is discretized by a total of 27,440,000

grid points. The resolution in the most demanding y-direction ranges from 4
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to 10 �m over the transverse distance where the 
ames are typically located.

Variables are non-dimensionalized using as reference values the mean

inlet velocity Uref = UIN = 22:4 m/s, the channel half-height Lref = h = 2:5

mm, and the inlet temperature Tref = TIN = 320 K. In the non-dimensional

coordinate system, the walls are located at y = �1, the spanwise bounds

are x = �1:5, and z = 0 refers to the beginning of the recycling section.

4.2 Results and discussion

Time integration is initially carried out to reach a statistically-steady re-

active 
ow. At longer times and within the statistically-steady operation,

only catalytic combustion is present in Case I (homogeneous chemistry is

ignited during the transient period, but eventually is blown out at later

times) whereas combined hetero-/homogeneous combustion occurs in Case

II. The heterogeneous combustion processes are discussed �rst, the condi-

tions leading to homogeneous ignition follow, and �nally the turbulence and

hetero-/homogeneous chemistry interactions are elaborated downstream of

homogeneous ignition. All statistical quantities presented henceforth have

been averaged over both time and spanwise x-direction.

4.2.1 Heterogeneous combustion

The reactor length with only catalytic reactions (without contribution of

gas-phase chemistry) is herein considered, encompassing the lengths 14 �

z � 48 and 14 � z � 29 for Cases I and II, respectively. Typical two-
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dimensional distributions of the instantaneous hydrogen concentration and

of the quasi-streamwise vortical structures are illustrated in Fig. 4.2. In

particular, color maps of the ratio of hydrogen mass fraction at the up-

per wall (y = 1) to the inlet mass fraction (YH2;w=YH2;IN) are depicted,

with superposed isolines of streamwise vorticity !z = �0:75 (black lines)

and !z = 0:75 (white lines) on the zx-plane and at y = 0:9. The ra-

tio YH2;w=YH2;IN is a measure of the degree of �nite-rate chemistry. For

in�nitely-fast chemistry (transport-limited hydrogen conversion) this ratio

is identically zero on both catalytic walls; the higher this ratio, the higher

the degree of �nite-rate chemistry. Although a true measure of �nite-rate

chemistry is the wall-to-center ratio YH2;w=YH2 jy=0, the center plane hydro-

gen mass fraction drops weakly over 14 � z � 34 from YH2;IN to about

0:97YH2;IN such that YH2 jy=0 � YH2;IN.

The decrease in the occurrence frequency of the vortical structures

along the streamwise z-direction is evident in Fig. 4.2 (see black and white

isolines). This is an outcome of the 
ow laminarization due to heat trans-

fer from the hot walls that dampens the vortical structures, such that

they eventually almost vanish at the channel out
ow. For Case II with

higher wall temperature, the e�ect of 
ow laminarization is stronger (vor-

tical structures persist farther downstream in Fig. 4.2a rather than in Fig.

4.2b). The results in Fig. 4.2 are qualitatively similar to those reported in

our earlier purely heterogeneous DNS investigation with one-step catalytic

chemistry [61], however, here the 
ow laminarization is stronger due to the

substantially higher wall temperatures (1250 or 1270 K as opposed to 960 K
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Figure 4.2: Instantaneous snapshot of YH2;w=YH2;IN on the upper wall and of
the quasi-streamwise streak vorticity structures demarcated by !z = �0:75
(black and white isolines) on the zx-plane at y = 0:9: (a) Case I (’ = 0:16,
TH = 1250 K), (b) Case II (’ = 0:18, TH = 1270 K). The line at x = �0:7
in (a) marks the location of the pro�les shown in Fig. 4.4.

in [61]).

A correlation between counter-rotating vortices and regions of high

YH2;w is readily seen in Fig. 4.2. The quasi-streamwise vortices and turbu-

lent structures bring fresh mixture from the channel core towards the wall,

and the concentration of hydrogen near the wall becomes appreciably higher

than zero. The hydrogen mass fraction at the wall reaches its highest value

at the beginning of the platinum-coated section (z = 14) and drops rapidly

to a few percent of YH2;IN farther downstream, despite the isolated \islands"

of high hydrogen concentration at various spanwise x-locations seen in Fig.

4.2. This indicates that catalytic reactions are, over most of the catalytic

surface area, fast compared to the turbulent transport and that hydrogen

conversion is not far from the transport limit. There exist however isolated

local zones with signi�cantly higher values of YH2;w=YH2;IN (5% to 8%) at

z > 20 (reddish/greenish islands in Fig. 4.2) typically associated with the

high vorticity indicated by the black/white isolines. The formation of such
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Figure 4.3: PDFs of YH2;w=YH2;IN at di�erent streamwise positions for Cases
I and II; � denotes mean values and � standard deviations.

islands is a clear manifestation of �nite-rate surface chemistry, indicating

that the catalytic reactions are not fast enough to cope with the locally and

instantaneously high turbulent transport towards the wall.

Probability density functions (PDFs) of YH2;w=YH2;IN are presented in

Fig. 4.3. In the channel section with only catalytic conversion, the growth

of the species boundary layer and the 
ow-laminarization weaken the turbu-

lent transport, resulting in a shift of the means � of the PDFs to lower values

with increasing z-distance. Moreover, as high H2-concentration islands at

the walls are suppressed along the streamwise direction, the PDF standard

deviations � decrease with increasing z. The comparison of mean values

at the same streamwise position shows that the averages of YH2;w=YH2;IN

are lower for Case II compared to Case I due to the higher wall tempera-

ture and equivalence ratio of the former case, which lead to stronger 
ow

laminarization and faster catalytic chemistry, respectively.

Figure 4.4a provides the instantaneous streamwise pro�les of surface
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coverage for H(s), Pt(s), OH(s), and O(s) at the spanwise location x = �0:7

marked in Fig. 4.2a. Regions of high YH2;w are associated with locally in-

creased H(s), Pt(s) and OH(s), and decreased O(s) surface coverage, as

indicated by the two vertical dashed lines in Fig. 4.4a corresponding to the

center of two hydrogen islands in Fig. 4.2a. Figure 4.4b provides PDFs of

H(s), Pt(s), OH(s) and O(s) at z = 20. The broad PDFs shown in Figs.

4.3 and 4.4b have implications for turbulence modeling. A laminar-like

closure for surface reactions was investigated in [16], considering that the

major non-linearity due to the Arrhenius exponential is removed for pre-

scribed surface temperature (all reaction-rate coe�cients k are then con-

stant). For example, the average adsorption rate of the i-th gaseous species

is _si;ads = kads;i[Ci]a[��Pt]b (overbars denote averaging, kads;k the adsorption

rate coe�cient, [Ci] the instantaneous concentration of the i-th gaseous

species at the gas/wall interface, [��Pt] the surface concentration of the free

platinum sites with �Pt the free-site coverage, and a and b appropriate reac-

tion orders). In the case of weak 
uctuations, this rate can be approximated

as _sk;ads � kads;k[Ck]a � [��Pt]b. However, as the 
uctuations of both gas

and surface species become appreciable, this approach is invalidated (e.g.

�2� 
uctuations for H2 and H(s) correspond to up to 34% and 20% of their

mean values, respectively; see Figs. 4.3 and 4.4b).

The same also applies for reactions between surface species (e.g. 2OH(s)!

H2O(s)+O(s), OH(s)+H(s)! H2O(s)+Pt(s)), given the appreciable 
uctu-

ations in OH(s) and H(s) in Fig. 4.4. Hence, a turbulent surface chem-

istry closure is needed similar to that used for gaseous reactions (e.g. via

79



4. Hetero-/homogeneous combustion with detailed chemistry

Figure 4.4: (a) Instantaneous surface coverage of Pt(s), OH(s), H(s), and
O(s) at x = �0:7 (line in Fig. 4.2a), (b) PDFs of surface coverage of Pt(s),
OH(s), H(s), and O(s) at z = 20 and Case I. Surface coverages of OH(s)
and H(s) are multiplied by 100 and 37000, respectively.

a presumed-shape PDF for the surface reaction rates). Such modeling is

required not only for the present detailed surface chemistry but also for

global catalytic steps of the type _sH2 = k[CH2 ]a, due to the non-linearity in-

duced by the concentration exponent (for example, a = 1:5 for lean H2/air

combustion over Pt [97]).

Sensitivity analysis (SA) was carried out using the surface perfectly

stirred reactor (SPSR) package of Chemkin [98] to identify the limiting

reaction(s) responsible for the aforementioned �nite-rate surface chemistry.

The surface-to-volume ratio was set to 4 cm�1 (as in the coated channel

section of Fig. 4.1), while the residence time was varied from 0.1 to 1 ms to

mimic the fastest 
ow time scales. The SA indicated that the surface and

desorption reactions were always fast enough and that kinetic limitations

originated from the adsorption reactions.
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Figure 4.5: PDF of the homogeneous ignition streamwise location (Case II).

4.2.2 Homogeneous ignition

Statistically-steady homogeneous ignition is attained only for Case II. The

PDF of the homogeneous ignition locations (zig, to be properly de�ned

in Section 4.2.3) presented in Fig. 4.5 shows that about 90% of zig falls

within 24:4 < z < 34:2. The average ignition position is zig = 29:04

and its standard deviation �zig = 27:2 .The homogeneous ignition location

computed with a laminar model (having the same uniform inlet properties

as the present DNS simulations) is also indicated in Fig. 4.5, whereby

zig;lam = 27:2. Since zig;lam < zig, turbulence, on the average, inhibits

homogeneous ignition. This inhibition is also evident in Case I, where in

the corresponding laminar simulation zig;lam = 30:8, while no stationary

turbulent 
ame was established.

Figure 4.6 provides a scatter plot of the normalized instantaneous

transverse scalar 
uxes v0T 0 and v0Y 0
H2

at the average ignition position

zig = 29:04 and y = �0:9, where \prime" refers to 
uctuations above the

mean value and v is the transverse velocity component. In quadrant II,

which is characterized by instantaneous positive temperature 
uxes and
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Figure 4.6: Scatter plot of normalized transverse scalar 
uxes of tempera-
ture and hydrogen mass fraction at zig = 29:04 and y = �0:9.

negative hydrogen mass fraction 
uxes (indicating mass transport towards

the wall y = �1 and heat transport away from the wall), homogeneous igni-

tion is observed for the majority of events. In all other quadrants, however,

ignition events are rare. This suggests that ignition is mostly associated

with vortices bringing fuel towards the wall and transferring heat away

from it.

It is �nally pointed out that despite the spatio/temporal 
uctuations

of zig, the catalytic pathway still provides a viable stabilization for gaseous

combustion. In non-catalytic channels, DNS has usually employed an arti-

�cial stabilization mechanism to anchor the 
ame (e.g. inclusion of a hot

zone as in the H2/air DNS by Gruber et al. [99]).
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Figure 4.7: Instantaneous snapshot of: (a) the homogeneous hydrogen re-
action rate [kg.m3s], (b) YOH, on the zx-plane at y = �0:95.

4.2.3 Post-ignition combustion processes

Following homogeneous ignition, combined heterogeneous and homogeneous

combustion is attained in Case II as will be shown next. Figure 4.7 provides

color maps of the instantaneous homogeneous hydrogen reaction rate and

mass fraction of the OH radical on the xz-plane at y = �0:95.\Islands"

of high and low homogeneous reaction rates, elongated in the streamwise

direction, are seen in Fig. 4.7a. The di�erences in instantaneous zig at

di�erent spanwise x-locations is evident, encompassing the range 27 � zig �

36. In Fig. 4.7b the 2-D distribution of OH mass fraction is depicted, which

is a common indicator of homogeneous combustion in experiments. Regions

with high concentration of OH form elongated strips along the streamwise

z-direction.

Figure 4.8 illustrates color maps of instantaneous gas-phase reaction

rate on the yz-plane at three spanwise locations (x = �0:5; 0; 0:5) superim-

posed by vorticity isolines !z = �0:5. It is seen that gaseous combustion

is con�ned close to the catalytic surface, as also observed in the turbulent

hetero-/homogeneous combustion experiments of Appel et al. [16]. Turbu-
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Figure 4.8: Instantaneous snapshot of the homogeneous conversion rate of
H2 [kg/m3s] and of the quasi-streamwise streak vorticity demarcated by
!z = �0:5 (black and white lines) on the yz-plane at: (a) x = �0:5, (b)
x = 0, and (c) x = 0:5.

lent vortical structures push the gaseous reaction zone towards the wall and

eventually lead to extinction of gaseous combustion as seen by the disrup-

tion of the reaction rate contiguity in Fig. 4.8.

The local 
ame extinction and the hetero-/homogeneous chemistry in-

teractions can also be seen in the streamwise pro�les of the instantaneous

gaseous (G) and catalytic (C) hydrogen conversion rates at two spanwise

locations x = �0:7 shown in Figs. 4.9a and 4.9b. The catalytic C rates

refer to the lower wall (y = �1), while the volumetric G rates have been

integrated over the channel half-height so as to be directly comparable to

the surface C rates. Furthermore, Fig. 4.9c provides a 2-D map of the

gaseous fuel conversion over the lower wall, superimposed by !z vorticity

isolines (!z = �0:5). As seen in Fig. 4.9a and 4.9b, catalytic and gas-

phase combustion occur in parallel (C and G rates may coexist at a given
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Figure 4.9: (a, b) Instantaneous pro�les of catalytic (C) and gaseous (G)
fuel conversion rates on the lower wall at (a) x = 0:7, (b) x = �0:7. (c)
Instantaneous map of gaseous fuel conversion rates [kg/m2s] and of quasi-
streamwise streak vorticity structures !z = �0:4 (black and white isolines)
on the zx-plane at y = 0:95. The volumetric gaseous G rate has been over
the channel half-height (�1 � y � 0).

z-position). The instantaneous and x-dependent homogeneous ignition po-

sition, zig, has been computed from plots similar to Fig. 4.9c. At every

spanwise x-location and time, zig is de�ned as the far upstream streamwise

distance where the local G rate reaches 5% of the peak value on the entire

xz-plane in Fig. 4.9c.

The instantaneous catalytic conversion C in Figs. 4.9a and 4.9b, drops

with increasing streamwise distance, albeit non-monotonically, due to re-

duced mass transport and upstream fuel depletion. Homogeneous ignition

occurs at z � 27 for x = 0:7 and z � 35 for x = �0:7. Farther downstream,

the G rate increases, again non-monotonically, and at some z-locations it

drops and even approaches zero (local extinctions marked by arrows in

Figs. 4.9a and 4.9b). These nearly zero gaseous conversion regions cre-

ate streamwise-elongated stripes in Fig. 4.9c. There is a direct correlation
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between counter-rotating vortices and regions of low gaseous conversion

rates. The intense turbulent vortical structures create locally and instan-

taneously high transverse transport towards the wall, which in turn leads

to incomplete combustion of hydrogen through the gaseous reaction zone.

The leaking fuel is subsequently converted catalytically on the wall leading

to coexistence of C and G in Figs. 4.9a and 4.9b. With a further rise in

transverse transport, the 
ame extinguishes locally and hydrogen is only

converted by the catalytic pathway.

The aforementioned process has a direct analogue in the combustion of

fuels with Lewis numbers less than unity in laminar stagnation-point 
ows

against catalytic walls. Law and Sivashinsky [100] reported that an increase

in the strain rate pushes the 
ame against the catalytic wall, leading to in-

complete gas-phase combustion and to a subsequent catalytic conversion of

the leaked fuel, while a further increase of the strain rate leads to 
ame ex-

tinction. The turbulent transport in the present work plays a role analogous

to that of the strain rate in laminar stagnation 
ows.

The frequent local 
ame extinctions are undesirable in practical power

generation systems. This is because the catalytic combustion of the dif-

fusionally imbalanced hydrogen fuel creates super-adiabatic surface tem-

perature at fuel-lean stoichiometries [97], while the presence of gas-phase

reactions moderates this superadiabaticity by shielding the catalyst from

the hydrogen-rich channel core [101]. Hence, local 
ame extinctions may

create hot spots that are detrimental for the catalyst.

The simulations exemplify the need of a turbulence closure in RANS
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approaches for the surface reaction rates, similar to the closure used for

gas-phase reactions. Simple models using \laminar-like" closure for surface

reaction rates were found inadequate. Regarding gas-phase combustion,

advanced chemical closures are needed to describe the frequent local 
ame

extinction.

4.3 Conclusions

The hetero-/homogeneous combustion of fuel lean H2/air mixtures (equiv-

alence ratios ’ = 0.16 and 0.18) over platinum was investigated in a planar

channel by means of three-dimensional direct numerical simulations with

detailed catalytic and gas-phase chemistry and transport. The wall temper-

ature was prescribed to either 1250 or 1270 K, while the incoming Reynolds

number was 5700.

In the ’ = 0.16 case, only catalytic combustion occurred at the sta-

tistically stationary state, while for ’ = 0.18 both catalytic and gas-phase

combustion were present. Over the channel lengths where only catalytic

reactions were important, appreciable 
uctuations of the hydrogen concen-

tration on the wall (up to 34%) were observed, while surface species con-

centration 
uctuations were up to 20%. Such appreciable 
uctuations ex-

emplify the importance of appropriate turbulent closures for surface chem-

istry. Islands of high hydrogen concentrations on the wall formed at di�erent

time instances and correlated to high local streamwise vorticity, manifesting

�nite-rate catalytic chemistry e�ects. The kinetic limitations originate from

the hydrogen adsorption reaction and not from desorption or pure surface
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reactions.

In the case with gas-phase combustion, the streamwise ignition loca-

tions exhibited spatio-temporal 
uctuations with a standard deviation of

about three channel half-heights. Nonetheless, catalytic combustion pro-

vided a relatively good 
ame stabilization mechanism. Gaseous combustion

was con�ned close to the catalytic walls in the form of elongated streamwise

structures. Gaseous and catalytic combustion coexisted because of incom-

plete combustion through the gaseous reaction zones. In regions of high

streamwise vorticity, the associated high turbulent transport caused local


ame extinction. However, in the 
ame extinguished zones, hydrogen was

still converted by the catalytic reaction pathway.
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Chapter 5

Turbulent hetero-/homogeneous

combustion at practically-relevant

Reynolds numbers

The present chapter undertakes 3-D DNS of hetero-/homogeneous combus-

tion with detailed chemistry in platinum-coated channels at two Reynolds

numbers ReH = 5; 700 and 12,360, with the latter value being at the upper

limit of industrial applications. The main objectives are to investigate the

coupling of gaseous and catalytic chemistry leading to the onset of homo-

geneous ignition, to identify the impact of turbulence on the underlying

catalytic stoichiometry, and �nally to investigate the topology of the estab-

lished 
ames and their potential impact on the reactor and catalyst thermal

stability.

This chapter is organized as follows. The kinetic model, operating

conditions and computational domain are introduced in Section 5.1. The
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Figure 5.1: Schematic of the computational domain and wall temperature
pro�le.

numerical results follow in Section 5.2. First, the hetero-/homogeneous

combustion processes are presented in Section 5.2.1. Subsequently, the ho-

mogeneous ignition events and the e�ect of turbulence on the surface stoi-

chiometry are elaborated in Section 5.2.2. In Section 5.2.3, the 
ame topol-

ogy and its potential e�ect on the thermal stability of practical catalytic

reactors are addressed. Finally, conclusions are summarized in Section 5.3.

5.1 Kinetic model, computational domain and

operating conditions

The elementary H2/O2 mechanism of Burke et al. [85] is used for gas-phase

chemistry, while the catalytic oxidation of hydrogen on Pt is described by

the detailed (mean-�eld) scheme of Deutschmann et al. [31] (surface site

density � = 2:72 � 10�9 mol/cm2). Gaseous and surface reaction rates are

computed using Chemkin [75,76], while a mixture-average transport model

is adopted along with the Chemkin transport database [64].

A 3-D domain is simulated (see Fig. 5.1) comprising a channel with full-
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height H = 2h = 5 mm and width W = 3h = 7:5 mm (y-and x-directions,

respectively). Two Reynolds numbers are investigated with mean stream-

wise inlet velocities UIN = 22:40 m/s (ReH = 5; 700, friction Reynolds

number Re� = 182) and UIN = 48:57 m/s (ReH = 12; 360, Re� = 385). The

channel lengths are L = 48h = 120 mm and L = 70h = 175 mm for the low

and high Reynolds number, respectively. The pressure is atmospheric with

an incoming fuel-lean H2/air mixture (equivalence ratio ’ = 0:18) and uni-

form inlet temperature TIN = 320 K. Unless otherwise noted, variables are

reported non-dimensionalized by the channel half-height h = 2:5 mm and

the incoming mixture properties; the species mass fractions Yi are reported

without referencing by Yi;IN.

To generate a fully-developed turbulent channel 
ow at the reactor

entry, an upstream recycling section of length LR (Fig. 5.1) with cold

isothermal walls (TC = 320 K) is used. At each time step the velocity �eld

at z = LR is copied to the in
ow plane z = 0. The wall temperatures are

ramped from the initial TC = TIN to the �nal TH = 1270 K via a hyperbolic

tangent function Tw = TC + 0:5(TH � TC)(1:0 + tanh[(z � LT )=0:4h]). The

hyperbolic temperature ramp is centered at z = LT and 99% of the temper-

ature increase occurs within a length �z < 2. The channel walls are coated

with platinum at z � LT . For Re� = 182, LR = 12 and LT = 14, while

for Re� = 385, LR = 6 and LT = 8. The recycling sections provide fully-

developed turbulent channel 
ows at the two investigated Re� , as veri�ed

by comparing turbulence statistics with literature data in [102]. In order to

compare results of both geometries, the coordinate z0 = z � LT is de�ned
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such that the catalyst starts at z0 = 0 (Fig. 5.1). At the outlet and in the

spanwise x-direction zero-Neumann and periodic boundary conditions are

imposed, respectively.

For the chosen N = 7 polynomial order, 20 � 20 � 240 elements for

Re� = 182 yield a total of 32,928,000 unique grid points, while 32�32�560

elements for Re� = 385 result in 196,689,920 unique grid points. The do-

main is discretized with uniform elements in the spanwise z-direction and

streamwise z-direction and clustered elements close to walls in the trans-

verse y-direction. The resolution in the most demanding y-direction, and

over the transverse extent where the 
ames are typically con�ned, spans

4-10 �m and 2-6 �m for the low and high Reynolds numbers, respectively.

The high-Reynolds number case ReH = 12; 360 approaches the upper

limit of practical power generation systems (as it corresponds to a ReDH =

24; 720 based on the hydraulic diameter which is twice the full channel

height, Dh = 2H) and constitutes the �rst industrially-relevant hetero-

/homogeneous 3-D DNS with detailed chemistry.

5.2 Results and discussion

The hetero-/homogeneous combustion processes for the two studied cases

are �rst presented. Subsequently, the homogeneous ignition events, the

e�ect of turbulence on the surface stoichiometry, and the 
ame topology

as well as its potential e�ect on the thermal stability of practical catalytic

reactors are addressed.
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5.2.1 General combustion properties

Time integration is carried out until a statistically-steady state is reached

and subsequently statistics are collected for three convective times L=UIN

at Re� = 182 and for one convective time for the signi�cantly more com-

putationally intensive Re� = 385 simulation; these times are su�cient,

as all statistical quantities are determined by integrating instantaneous

quantities in both time and x-direction; the mean of a property f is f =
RR

T;W f(x; t)dtdx. Figure 5.2 illustrates color maps of the instantaneous gas-

phase hydrogen reaction rates _wH2 on the yz-plane at x = 0. At each span-

wise x-location and time, the homogeneous ignition z0
ig (marked by arrows

in Fig. 5.2) are de�ned as the far-upstream streamwise distances where the

local integral over the channel half-height, G(z0) =
R h

0 _wH2(z0; y)dy, reaches

5% of the peak value over 0 � z0 � L � LT .

Homogeneous ignition kernels separated from the main gas-phase com-

bustion zones are evident (see circled areas in Fig. 5.2). Isolated regions

encapsulated by isocontours _wH2 = 0.25 kg/(m3s) are referred to as 
ame

pockets, while 
ame pockets at their �rst instant of formation are de�ned as

ignition kernels. Such kernels are generated upstream and then convected

downstream while expanding in size and intensifying in _wH2 , leading even-

tually to the creation of vigorous homogeneous combustion zones. Gaseous

combustion is always con�ned close to the catalytic surfaces (see Fig. 5.2).

Disruption of the reaction rate contiguity in the yz-plane due to turbulence

is evident, especially in the higher Re� case (Fig. 5.2(b)).

In Fig. 5.3, probability density functions (PDFs) of the streamwise
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Figure 5.2: Snapshot of the gaseous hydrogen reaction rate _wH2 [kg/(m3s)]
on the yz-plane at x = 0 (a) Re� = 182 and (b) Re� = 385. Ignition kernels
are demarcated by circles.

positions of the ignition kernels and of homogeneous ignitions (z0
ig) are

shown, along with the corresponding laminar homogeneous ignition posi-

tions (zig;lam), computed with a laminar 2-D code [103] using the same wall

boundary conditions and uniform inlet properties equal to the average val-

ues of the turbulent cases. About 90% of z0
ig falls within 10:4 < z0 < 20:2

and 10:3 < z0 < 15:4 for the low and high Reynolds number cases, respec-

tively. The average turbulent and the deterministic laminar homogeneous

ignition locations are z0
ig = 15:0 and z0

ig;lam = 13:2 for Re� = 182, while

z0
ig = 12:1 and z0

ig;lam = 25:2 for Re� = 385.

Ignition kernels are formed, on the average, upstream of homogeneous

ignition and have narrower distributions. Furthermore, while in the lower

Re� case the average homogeneous ignition location z0
ig is moderately down-

stream of z0
ig;lam this behavior is drastically reversed in the higher Reynolds

number case whereby z0
ig is far-upstream of the corresponding z0

ig;lam. This

major di�erence is a result of the higher turbulence at Re� = 385, which

induces more pronounced �nite-rate surface chemistry e�ects (i.e. wall hy-
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Figure 5.3: PDFs of the ignition kernel (dashed lines) and homogeneous
ignition (solid lines) z-locations (a) Re� = 182 and (b) Re� = 385. Laminar
homogeneous ignition locations are also marked by the -functions.

drogen mass fractions increasingly larger than zero). This is illustrated in

Fig. 5.4, showing transverse pro�les of the average hydrogen mass frac-

tions (Y H2) for the two turbulent cases and of the deterministic for their

laminar counterparts at two axial locations. The wall Y H2 for Re� = 182

is � 22 � 26% higher than the corresponding laminar values, while for

Re� it is � 67 � 70% higher, thus explaining the substantially shorter z0
ig

compared to z0
ig;lam for the high Reynolds number case. Similarly, within

0.1 units from both walls (i.e. where the average gaseous combustion zone

is typically con�ned) Y H2 is about 50% larger at Re� = 385 compared to

Re� = 182 (see Fig. 5.4), thus promoting homogeneous ignition and leading

to a shorter z0
ig in the former case. This happens despite the larger axial

velocity at Re� = 385.
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Figure 5.4: Transverse pro�les of average Y H2 at two axial positions z0 = 4
and 8 for the two turbulent cases and their laminar counterparts. Insets
show details at the lower wall at y = �1.

In laminar catalytic combustion of fuel-lean H2/air mixtures, the pref-

erential di�usion of H2 with respect to O2 results, under transport-limited

(in�nitely-fast) conversion of the de�cient hydrogen reactant, in a catalytic

equivalence ratio (’w at the wall) about 2.4 times the bulk gaseous ’ [90].

This preferential di�usion is also responsible for the superadiabatic sur-

face temperatures attained during fuel-lean H2/air catalytic combustion in

practical systems [104]; nonetheless, the speci�c issue of surface superadia-

baticity cannot be addressed in the present DNS due to the prescribed wall

temperature.

As turbulence reduces the transport disparity between H2 and O2, it

is important to compare the attained ’w under laminar and turbulent 
ow

conditions. The ’w have been determined using the computed unconverted

reactants H2 and O2 and the product H2O at the wall considering the global

oxidation step 2H2 + O2 ! 2H2O (the net OH adsorption/desorption 
ux
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is too weak to appreciably alter this overall reaction stoichiometry, as dis-

cussed in [90]). The ’w values are controlled by two factors: the deviation

from in�nitely-fast chemistry (YH2;w is non-zero in Fig. 5.4, indicating �nite-

rate chemistry) that reduces ’w, and the aforementioned H2/O2 transport

imbalance that increases ’w. For direct laminar/turbulent comparisons, the

laminar wall excess of hydrogen, YH2;w, was matched to the average Y H2;w

of the turbulent cases by re-computing the laminar cases after multiplying

all surface reactions by an appropriate scaling factor (0.85 and 0.70 for the

low and high Re� , respectively). Hence, the following comparisons solely

re
ect changes in due to mass transport imbalance.

Streamwise pro�les of ’w are depicted in Fig. 5.5, while corresponding

ratios of turbulent-to-laminar for are shown in the insets. All ’w are ap-

preciably larger than the bulk gaseous ’ = 0:18 (note that over the lengths

z0 < z0
ig the average H2 and O2 mass fractions at the symmetry plane y = 0

remain largely unchanged as shown in Fig. 5.4 for hydrogen, thus signifying

a common bulk gas ’ = 0:18 at these streamwise positions). The ratio of

average turbulent-to-laminar ’w is always less than unity and drops with in-

creasing Reynolds number. For Re� = 182 and 385, the ’w ratios are as low

as 0.92 and 0.84, respectively, indicating that turbulence has an appreciable

impact on reducing the transport disparity of H2 and O2, especially in the

high Reynolds number case. Such results are of interest for turbulent model

validation, since the e�ective species transport coe�cients are typically de-

composed into laminar and turbulent contributions as �eff = �lam + �turb,

with appropriate closures for �turb (see [16]).
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Figure 5.5: Streamwise pro�les of the turbulent and laminar wall equiva-
lence ratio ’w for (a) Re� = 182 and (b) Re� = 385; the corresponding
ratios of turbulent to laminar ’w are plotted in the inset for z0 positions
where the hydrogen conversion is predominantly catalytic.

5.2.2 Homogeneous ignition events

Ignition kernel events are analyzed by detecting ignitions for Re� = 182;

over a period of three convective time units after reaching the statistical

steady state, 70 such events were observed. For the higher Re� = 385

during the integration period of one convective time after steady state, only

10 ignition kernel events were captured, therefore, this case is not elaborated

due to limited statistics.

Scatter plots of the OH mass fraction at the ignition kernel positions

and the corresponding transverse gradient of YOH at the kernel and at the

underlying wall (the latter at the same x- and z-locations as the kernels) are

depicted in Fig. 5.6. All kernels lie within a y-distance � 0:08 � 0:1 units

away from the walls. While @YOH=@y>0 (< 0) at the lower (upper) wall indi-

cate OH 
uxes towards the wall, in Fig. 5.5 the signs were reversed at the

upper wall such that a positive gradient always denotes OH 
uxes directed

towards the walls. In all ignition events, the instantaneous OH transverse

gradients at the wall are always positive, indicating a net-adsorptive 
ux of

98



5.2. Results and discussion

Figure 5.6: Scatter plot of OH at the ignition kernels (YOH;kernel) versus OH
transverse gradient at the wall (�) and kernel (�) positions.

OH; owing to the wall-proximity of the kernels, the OH gradients at the ker-

nel locations are also positive. This is an important hetero-/homogeneous

chemistry coupling mechanism, showing that the catalytic wall is always

inhibiting the formation of kernels and hence the ensuing homogeneous ig-

nition due to the uptake of OH radicals produced in the gas-phase. Figure

5.6 also indicates that, on average, the stronger the net-adsorption of OH,

the higher the values of YOH needed to form a kernel. The same mecha-

nism leads to inhibition of gaseous ignition due to the adsorption of O and

H radicals; this inhibition is straightforward, as the catalytic mechanism

includes only adsorption reactions for O and H (their desorption is always

recombinative).

A scatter plot of YH2 and temperature is shown in Fig. 5.7(a), and

of YH2 and magnitude of the vorticity parallel to the wall (
p

!2
x + !2

z) is

shown in Fig. 5.7(b); both plots refer to the speci�c location z0 = 12 and at

0.1 transverse units away from the walls, whereby the occurrence of ignition
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Figure 5.7: Scatter plot of YH2 and (a) temperature and (b) wall-parallel
vorticity magnitude (

p
!2

x + !2
z), at z0 = 12 and 0.1 transverse units away

from the walls. Ignition kernels are denoted by red crosses.

kernels is most probable. Figure 5.7(a) indicates that higher YH2 events cor-

respond to lower gas temperatures. This is clari�ed in Fig. 5.7(b), showing

that higher YH2 events are correlated to strong vorticity bringing H2 close to

the wall. It is noted that the large YH2 strati�cation in Fig. 5.7 is solely due

to the presence of catalytic reactions that deplete the near-wall hydrogen

(see also Fig. 5.4). At the same time, high vorticity brings colder gas from

the channel core close to the wall such that T and YH2 are anti-correlated.

Ignition kernels are exclusively associated with high temperature and low

YH2 events (see Fig. 5.7(a)), with the kernel temperatures falling in the

narrow range 1090-1125 K. Thus, a second important hetero-/homogeneous

coupling mechanism is identi�ed: the catalyst, by depleting the near wall

hydrogen, reduces the likelihood of kernel formation since it precludes the

occurrence of high-T and high-YH2 events that would have otherwise been

best suited for homogeneous ignition. Note that in the case of an inert

(non-catalytic) wall the T � YH2 events in Fig. 5.7(a) would collapse along

YH2 � YH2;IN.
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Figure 5.8: Snapshot color maps of _wH2 [kg/(m3s)] at 0.1 units from the
lower wall: (a) Re� = 182 and (b) Re� = 385.

5.2.3 Flame structure

Distributions of the gas-phase hydrogen reaction rate at 0.1 units above the

lower wall are plotted in Fig. 5.8 for the two Re� , exemplifying the dras-

tically di�erent topology of the homogeneous combustion zones. Whereas

elongated stripes of extinguished gas-phase combustion are evident in Fig.

5.8(a), localized islands with substantially shorter aspect ratios are seen in

Fig. 5.8(b). The topologies shown in Fig. 5.8(a, b) are representative of all

other y-positions within the transverse extent of the 
ame, i.e. extinguished

zones disrupt the entire 
ame along the y-direction as shown in Fig. 5.2.

The elongated stripes or islands are convected mainly along the streamwise

direction. As indicated in Fig. 5.9(b), extinguished zones are areas of high

catalytic conversion of hydrogen and conversely vigorously-burning gaseous

zones correspond to weak catalytic conversion. The same trend holds for

the lower Reynolds number case of Fig. 5.9(a), however gas-phase (G) is

much weaker such that the catalytic (C) conversion persists even at posi-

tions of higher G, i.e. appreciable catalytic and gas-phase combustion can

occur simultaneously at the same position.
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Figure 5.9: Snapshot of streamwise pro�les of catalytic (C) and gas-phase
(G) hydrogen conversion rates at x = 0:75 and x = 0 for the conditions (a)
Re� = 182 and (b) Re� = 385 of Fig. 5.8.

Figure 5.10: PDFs of (a) the width and (b) the length of the nearly extin-
guished gas-phase combustion zones.

The e�ect of Re� on the width and length distributions of the nearly

extinguished gas-phase combustion zones is reported in Fig. 5.10. The

PDFs indicate that the elongated structures of the extinguished zones in

the low turbulence case have a mean aspect ratio L=W = 8:7, while for

the higher Re� case L=W = 3:3. Correspondingly, the mean widths are

approximately are approximately W = 0:67 and 0.59. The vigorously-

burning zones have similar W and L distributions as the extinguished zones.

Figure 5.11 depicts the probability density functions of the local cat-

alytic (C) and gas-phase (G) hydrogen conversion rates constructed using

statistics from snapshots similar to Fig. 5.9. Catalytic reaction rates are
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Figure 5.11: PDFs of catalytic (C) and gas phase (G) hydrogen conversion
rates for the two Re� at two axial positions z0.

signi�cantly higher in the lower Re� case, while the C and G magnitudes

become comparable at higher turbulence levels. This is again a result of

the much higher hydrogen near-wall excess at Re� = 385.

In a practical system with non-isothermal walls, the extinguished ho-

mogeneous combustion zones, which correspond to enhanced catalytic com-

bustion rates (Fig. 5.9(b)) would lead to superadiabatic surface tempera-

tures as discussed in Section 5.2.1. Conversely, intense gas-phase com-

bustion zones diminish heterogeneous conversion, and hence suppress the

surface superadiabaticity [16]. It is thus of interest to examine how the

spatiotemporal variations of the extinguished combustion zones a�ect the

wall temperature of practical reactors.

The characteristic lifetime of the islands or stripes in Fig. 5.8 can be es-

timated by calculating the temporal autocorrelation of the time traces of the

catalytic (C) or gas (G) conversion rates at various positions z0 > z0
ig. The
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computed autocorrelation times (�low � 1:3 � 10�4s and �high � 1:6 � 10�5s

for the low and high Reynolds numbers, respectively) are nearly the same

for C and G and largely independent of the particular z0. The characteristic

solid heat conduction times in the transverse direction can be estimated by

considering a typical wall thickness of � = 50�m and solid thermal di�usivi-

ties �th;s = 3:6�10�6 m2/s for a metallic FeCr-alloy and 5:25�10�7m2/s for

a ceramic cordierite material [39]. The corresponding transverse solid heat

conduction times �solid;y = �2=�th;s are �solid;y = 6:9 � 10�4 s and 4:7 � 10�3

s for FeCr-alloy and cordierite, respectively. Since �high � �solid;y, the solid

wall cannot follow the large temperature 
uctuations induced by the move-

ment of the stripes and islands, which is bene�cial for the reactor thermal

stability (avoidance of transverse thermal stresses). On the other hand, �low

can be up to 5 times shorter than �solid;y, suggesting a modest capacity of

the solid wall to follow the corresponding surface temperature 
uctuations.

With respect to the spanwise wall temperature uniformity, the charac-

teristic solid di�usion times �solid;x = W 2=�th;s (based on the average span-

wise width of the stripes/islands W ), for the two materials are �solid;x = 0:8

and 5.4 s (low Re� ) and 0.6 and 4.2 s (high Re� ). Since �solid;x � �high; �low,

the solid heat conduction cannot dampen the spanwise surface temperature

nonuniformities induced by the gas-phase combustion zones. Hence, this

may lead to catalyst thermal stability issues.
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5.3 Conclusions

The turbulent combustion of fuel-lean H2/air mixtures (’ = 0:18) was in-

vestigated using 3-D DNS in platinum-coated channels with a prescribed

wall temperature Tw = 1270 K using detailed hetero-/homogeneous reac-

tion mechanisms at two friction Reynolds numbers Re� = 182 and 385.

For the high Re� case, homogeneous ignition is signi�cantly promoted

due to stronger �nite-rate chemistry e�ects and at the same time the pref-

erential di�usion of H2 in O2 and N2 is appreciably suppressed such that

the excursions of the wall equivalence ratio ’w above the bulk gaseous ’

are dampened. Gas-phase ignition kernels, which are responsible for ho-

mogeneous ignition, are formed 0.08-0.1 non-dimensional units away from

the catalytic walls. The hetero-/homogeneous chemistry coupling inhibits

ignition kernel formation due to the occurrence of net-absorptive OH, H

and O radical 
uxes at the catalytic wall and to the catalytically-induced

near-wall H2 depletion.

The structure of the gaseous combustion zone strongly depends on Re� .

In the low turbulence case, elongated stripes of extinguished homogeneous

combustion zones are formed with average aspect ratios L=W = 8:7, while

in the higher islands with L=W = 3:3 are observed. At the extinguished

homogeneous reaction zones and at the high Re� , catalytic combustion is

intense, leading to combined hetero-/homogeneous hydrogen conversion well

downstream of the average homogeneous ignition location.

Implications of the spatiotemporal correlation of the formed stripes or
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islands to the thermal stability of practical reactors were assessed. Signi�-

cant spanwise surface temperature nonuniformities could be obtained as a

result of the 
ame topology.
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Chapter 6

Methane catalytic partial

oxidation over rhodium-coated

channels

6.1 Introduction

The reforming of methane, the main component of natural gas, to synthe-

sis gas (syngas, a mixture comprising mostly H2 and CO) is a process of

key industrial interest, as it provides the required feedstock for the Fischer-

Tropsch synthesis of various liquid fuels and chemicals [105]. Direct con-

version of methane to fuels and chemicals (without the intermediate step

of syngas production) is also intensely investigated; however, the relevant

chemical processes (methane dehydroaromatization (MDA) and oxidative

coupling of methane (OCM)) currently lack the required e�ciency for com-

mercialization [106]. While steam reforming is the standard approach for

large-scale conversion of natural gas to syngas, the catalytic partial oxida-
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tion (CPO) is the preferred route for small-scale decentralized systems. The

CPO of methane at fuel-rich stoichiometries in air can be accomplished au-

tothermally and selectively in millisecond-long contact times [107{111] mak-

ing the process suitable for on-board reforming in microreactors [112], fuel-

cells [113], and also in gas turbines of power generation systems [6,114]. The

last application employs the concept of catalytic-rich/gaseous-lean combus-

tion [115, 116], whereby part of the natural gas fuel undergoes partial oxi-

dation in an upstream catalytic reactor and the produced syngas assists the

stabilization of a downstream, overall fuel-lean, gaseous combustion zone.

Rhodium and platinum are the main methane CPO catalysts, the for-

mer due to its better syngas selectivity and the latter due to its higher tol-

erance to sulfur poisoning. The underlying processes during methane CPO

(e.g. catalytic ignition temperature, methane conversion, syngas yields and

selectivities) are nowadays investigated with 1-D spatially-resolved (along

the streamwise direction) measurements of species compositions and tem-

perature in typical catalytic reactors (honeycomb or foam structures) us-

ing a traversable capillary sampling probe equipped with a thermocou-

ple [110, 117{120]. Such measurements have facilitated the development

of detailed surface reaction mechanisms for the CPO of methane over Pt

and Rh catalysts [108,111,121{124]. Although 1-D streamwise species pro-

�les can be still used to infer the type of conversion of the limiting oxygen

reactant (fully transport-controlled versus fully kinetically controlled [110]),

only transverse (i.e. in the cross-
ow direction) measurements can un-

equivocally determine the exact state of catalytic reactions and, in par-
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ticular, the appearance of mixed kinetic/transport limitations. To this

purpose, non-intrusive, spatially-resolved 2-D (in both the axial and trans-

verse directions) Raman measurements of major gas-phase species concen-

trations have been applied to investigate the CPO of CH4/O2/N2 [33] and

CH4/O2/H2O/CO2/N2 [125] mixtures over Rh/ZrO2 technical catalysts and

more recently the CPO of CH4/O2/N2 mixtures over polycrystalline Rh and

Pt catalysts [126].

Elevated pressures are of interest for methane CPO in the chemical in-

dustry. High pressures lead to process intensi�cation and hence to reduced

reactor sizes, and at the same time minimize the complexity of the sys-

tem since the downstream Fischer-Tropsch synthesis requires elevated pres-

sures. Furthermore, in large-scale gas-turbine power generation the CPO

of natural gas within the catalytic-rich/gaseous-lean combustion concept is

inherently a high-pressure process (up to 30 bar) [114, 115]. In methane

CPO, the H2 and CO yields and selectivities are not signi�cantly a�ected

by pressure, at least for ranges up to �10 bar [125,127], whereas at higher

pressures and up to 120 bar the H2/CO selectivities have been shown to

decrease with rising pressure [123,128].

High operating pressures can lead to an increased contribution of gaseous

chemistry, despite the tight geometric con�nements of typical CPO reactors

(i.e. high surface-to-volume ratios with catalytic channel hydraulic diam-

eters of �1 mm) due to the �p2 dependence of the gaseous reactivity of

methane [129]. In recent experimental and numerical comparative investi-

gation of methane CPO over Rh and Pt [126], laser induced 
uorescence

109



6. Methane catalytic partial oxidation over rhodium-coated
channels

(LIF) of formaldehyde was applied to monitor gaseous combustion in a 7-

mm height catalytic channel at 5 bar. It was shown that Rh, owing to its

higher selectivity towards the highly-reactive H2, promoted gaseous com-

bustion whereas Pt suppressed it. This had signi�cant implications for the

overall CPO reactor design, since the onset of gaseous combustion signif-

icantly reduced the length of the oxidation zone (i.e. the zone where O2

was not fully consumed). Hence, the downstream reforming zone (compris-

ing mainly steam reforming of CH4 to syngas) could be initiated farther

upstream thus reducing the reactor length requirements [126].

The impact of gaseous chemistry in the CPO of logistic fuels was in-

vestigated by Deutschmann and coworkers [34, 35, 130]. Experimental and

numerical studies of iso-octane CPO over Rh addressed the production, via

gaseous chemical reactions, of various cracking by-products [35, 130] and

soot precursors [34]; moreover, the impact of gaseous chemical reactions

occurring in the post-catalyst zone on the concentrations of the main CPO

products was elaborated in [34]. A 2-D parabolic (boundary layer) model

was used in the simulations, with detailed heterogeneous and homogeneous

chemical reactions for iso-octane [35, 130]. On the other hand, the impact

of gaseous chemistry on methane CPO over Rh was studied by Mhadeshwar

and Vlachos [123] at pressures up to 120 bar using a plug-
ow-reactor (PFR)

model with detailed catalytic and gas-phase chemistries. Therein, the e�ect

of gas-phase chemistry on the H2 and CO selectivities and CH4 conversion

was evaluated and it was reported that the water-gas-shift (WGS) gas-phase

reactions decreased the CO selectivities above 40 bar. While previous stud-
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ies investigated the impact of gaseous chemical reactions on the product

selectivities and by-product formation, the possibility of vigorous exother-

mic gaseous combustion in the oxidation zone of the CPO reactor (i.e. the

presence of a 
ame) has not been explored. The study of homogeneous com-

bustion and the detailed interactions between the catalytic and gas-phase

chemistry require a multidimensional CFD model. This is because the onset

of homogeneous ignition and the establishment of a 
ame are strongly af-

fected by the boundary layer pro�les of the reactants and temperature [25].

The present work investigates numerically the catalytic partial oxi-

dation of CH4/air mixtures in cylindrical channels coated with Rh. An

axisymmetric Navier-Stokes �nite-di�erence solver is used with detailed

surface and gas-phase chemistries, detailed transport, heat conduction in

the solid wall, and surface radiation heat transfer. The investigated condi-

tions span the ranges 1 � p � 25 bar, methane-to-air equivalence ratios 2.5

� ’ � 4.0 and inlet temperatures 300 � TIN � 900 K. The channel length is

50 mm, while the channel diameter is varied in the range 0.5 � d � 2.0 mm.

The main objectives are to investigate the structure of 
ames formed in the

oxidation zone of the CPO reactor in the presence of the strong reactant

strati�cation induced by the catalytic reaction pathway, and to delineate

the regimes of appreciable gas-phase combustion as a function of operating

and geometrical parameters. In addition, the hetero-/homogeneous chem-

istry interactions, the e�ect of gaseous chemistry on the reforming zone and

�nally the impact of gaseous chemistry on the reactor thermal management

are addressed.
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This chapter is organized as follows. The numerical methodology and

the adopted chemistry models are outlined in Section 6.2, while main re-

sults follow in Section 6.3. The underlying hetero-/homogeneous chemical

processes during methane CPO are clari�ed in Section 6.3.1 and the impact

of the simulation parameters on the syngas selectivities is exposed. The

formation of 
ames in the oxidation zone of the reactor, the 
ame structure

and the 
ame-catalyst interactions are elaborated in Section 6.3.2. In Sec-

tion 6.3.3 the operating and geometrical parameters (pressure, inlet temper-

ature, equivalence ratio and channel diameter) for which gas-phase chem-

istry cannot be neglected in methane CPO reactors coated with rhodium

are delineated. Finally, the conclusions are summarized in Section 6.4.

6.2 Numerical Model

An axisymmetric steady Navier-Stokes solver [29, 52] was used to simulate

the laminar reacting 
ow inside a cylindrical channel with length L = 50

mm, nominal diameter d = 1:2 mm and wall thickness �s = 25 �m (Fig. 6.1).

This geometry mimicked an individual channel of typical honeycomb CPO

reactors having 400 cpsi (cells per square inch), which are used in power gen-

eration systems [6,50,109]. To expose the impact of geometric con�nement,

two additional diameters d = 0.5 and 2.0 mm were examined. The internal

channel surface (r = R) was coated with rhodium, while the external surface

(r = R + �s) was adiabatic; the adiabaticity simulated the operation of a

honeycomb reactor, whereby an individual catalytic channel is surrounded

by other similar channels. Two-dimensional heat conduction in the wall
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Figure 6.1: Schematic of the geometry of the catalytic tubular channel
indicating the imposed boundary conditions. All dimensions are in mm.

was accounted for, with a solid thermal conductivity ks = 16 Wm�1K�1,

corresponding to FeCr-alloy material for the honeycomb structure [6, 109].

Premixed methane/air gas was admitted into the channel with methane-

to-air equivalence ratios ’ = 2.5, 3.5 and 4.0 and uniform inlet properties.

Given the strong dependence of gaseous chemistry on pressure, inlet pres-

sures of 1, 3, 5, 10, 15, 20 and 25 bar were investigated. A constant mass


ux _m = �INUIN = 4:409 kg=m2s was considered, leading to laminar 
ows

with an inlet velocity UIN;0 = 4.285 m/s for ’ = 4.0, TIN = 300 K, p = 1

bar. The mass 
ux was kept constant irrespective of pressure, inlet tem-

perature, and equivalence ratio such that the inlet velocities were altered

according to UIN;1 = UIN;0 � (p0=p1) � (TIN;1=TIN;0) � (W IN;0=W IN;1). The

selected mass 
ux gave, for most operating conditions and channel diame-

ters, an oxidation zone length up to 40% of the total channel length when

considering both catalytic and gas-phase chemistry. The inlet temperatures

were varied in the range TIN = 300{900 K; values 600{800 K were relevant

to gas turbines [6, 109] while in laboratory experiments TIN = 400{800 K.

This resulted in Reynolds numbers, based on the channel diameter and inlet

properties, of 60 to 526.
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Radiation exchange between the discretized inner cylindrical catalytic

surface elements, as well as between the surface elements themselves and the

inlet and outlet channel enclosures was accounted for by the net radiation

method for di�use-gray areas [109,131]. The surface emissivity of all channel

elements was "=0.60, while the inlet and outlet enclosures were treated as

black bodies ("IN = "OUT = 1:0).

6.2.1 Governing equations

The governing equations for a steady laminar 
ow with homogeneous and

heterogeneous chemical reactions in cylindrical coordinates are as follows:

Continuity:
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Total enthalpy:

@(�uh)
@x

+
@(r�vh)

@r
=

@
@x

 

�g
@T
@x

� �
KgX

k=1

YkhkVk;x

!

+
1
r

@
@r

 

r�g
@T
@r

� r�
KgX

k=1

YkhkVk;r

!

(6.4)

Gas-phase species:
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Surface species coverage:
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�
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The left side of Eqs. (6.6) was a pseudo-transient term and its inclusion

merely facilitated convergence to steady state of the Newton solver used for

the nonlinear algebraic set of surface coverage equations.

The species di�usion velocity components Vk;x and Vk;r in Eqs. (6.4)

and (6.5) were computed using a mixture-average transport model including

thermal di�usion for H2 and H [64]:

�!
Vk = �Dkm

�!
r
�

ln
YkW
Wk

�
�

DT
k

�Yk

�!
r(lnT ); k = 1; :::; Kg: (6.7)

The ideal gas and caloric equations of state were:

p =
�R0T

W
and hk = h0

k(T0) +
Z T

T0

cp;kdT; k = 1; :::; Kg: (6.8)
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Finally, for the 2-D solid domain, the heat conduction equation was:

@
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The gas-phase Eqs. (6.1)-(6.5), supplemented with the auxiliary Eqs. (6.7)

and (6.8), and the solid energy Eq. (6.9) were solved subject to appropriate

boundary conditions. At the gas-solid interface (r = R), the energy and

gas-phase species boundary conditions were:
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�
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+ B
KgX
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(�YkVk;r)r=R� + B ( _skWk)r=R = 0; k = 1; :::; Kg; (6.11)

respectively, with _sk the heterogeneous molar production rate of the k-th

gaseous species and qrad the incident surface radiation 
ux. In Eqs. (6.10)

and (6.11), the factor B denoted the ratio of the catalytically-active to

the geometrical surface area and was herein considered unity, simulating a

polycrystalline rhodium surface. For supported technical catalysts, B can

be determined experimentally [116]. Radiative boundary conditions were

applied to the front and rear vertical solid wall faces (x = 0 or L, and

116



6.2. Numerical Model

R < r � R + �s) with surface emissivity " = 0.60:
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In Eq. (6.12) the inlet and outlet radiation exchange temperatures TIN and

TOUT were set equal to the inlet and the outlet average gas temperatures,

respectively. Finally the external walls were adiabatic, such that @Tw=@r =

0 at r = R + �s and 0 < x < L.

An orthogonal staggered grid with 350 � 60 points (in x and r, re-

spectively) was used, for the gas, with �ner spacing towards the channel

wall. The solid wall was discretized by 350 � 20 points in x and r, re-

spectively. The employed gas-phase and solid-phase meshes were su�cient

to produce a grid-independent solution, as shown by successive grid re�ne-

ments with up to 450 grid points in the x-direction. Uniform pro�les of

species, temperature and axial velocity were considered at the inlet, while

zero-Neumann conditions were set at the outlet (x = L) and on the axis of

symmetry (r = 0). No-slip was applied for both velocity components at the

gas-wall interface (r = R). Details of the solution algorithm can be found

elsewhere [27,29,101].

6.2.2 Chemical kinetics

The detailed mechanism by Schwiedernoch et al. [132] was used (38 reac-

tions, 12 surface and 6 gaseous species), which has been �ne-tuned against
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methane CPO measurements in a rhodium-coated honeycomb reactor. This

mechanism has also reproduced the transverse pro�les of Raman-measured

major species concentrations in a planar catalytic channel, during methane

CPO with air [33] and O2=H2O=CO2=N2 [125] over Rh/ZrO2 technical cat-

alysts, and more recently of methane CPO with O2=CO2=N2 over polycrys-

talline Rh [126]. To consistently describe hetero-/homogeneous chemistry

interactions, the catalytic reaction mechanism [132] has been augmented

by H, O and OH radical adsorption/desorption reactions taken from [111].

Nonetheless, the impact of the added radical adsorption/desorption reac-

tions on homogeneous ignition was minimal, as also discussed in [125].

Gas-phase chemistry was described by the elementary C2 mechanism of

Warnatz et al. [133] (164 reversible reactions, 34 species). This mecha-

nism, in conjunction with the aforementioned catalytic mechanism [132],

has reproduced homogeneous ignition and 
ame formation (assessed with

planar laser induced 
uorescence of formaldehyde) during CPO of methane

in [125, 126]. Surface and gas-phase reaction rates were evaluated with

Surface-CHEMKIN [76] and CHEMKIN [75], respectively.

6.3 Result and discussion

Extensive parametric studies were carried out, encompassing 248 simulated

cases. Six selected cases summarized in Table 6.1 are �rst detailed in this

section. All cases in Table 6.1 are at p � 10 bar, such that gas-phase chem-

istry has a strong contribution. An introduction to the underlying chemical

processes, focusing on methane consumption and the syngas production is
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�rst presented in Section 6.3.1. E�ects of the simulation parameters on the

onset of homogeneous ignition in the oxidation zone of the channel as well

as on the ensuing 
ame structure are elaborated in Section 6.3.2. Finally,

detailed parametric plots are constructed in Section 6.3.3 delineating the op-

erating conditions (pressure, inlet temperature, equivalence ratio) and the

geometric characteristics (channel diameter) whereby gas-phase chemistry

cannot be neglected during methane CPO.

Table 6.1: Selected simulation
cases�

Case ’ UIN TIN p d
A 4.0 0.571 600 15 0.5
B 4.0 0.571 600 15 1.2
C 4.0 0.571 600 15 2.0
D 3.5 0.571 600 15 1.2
E 4.0 0.857 600 10 1.2
F 4.0 0.380 400 15 1.2

* Columns: equivalence ratio, inlet
velocity (m/s), inlet temperature
(K), pressure (bar), channel diameter
(mm).

6.3.1 Hetero-/homogeneous combustion processes

The production of syngas over Rh is �rst elaborated using Case B as refer-

ence. This case refers to the nominal channel diameter d = 1:2 mm, to a

stoichiometric composition for CPO (’ = 4.0, see reaction R2 below) and

to a pressure of 15 bar, which is su�ciently high to initiate homogeneous

ignition. Fig. 6.2 provides 2-D maps of species mole fractions (reactants

CH4 and O2, partial oxidation products H2 and CO, total oxidation prod-
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Figure 6.2: Temperature and species mole fraction distributions for Case
B with purely catalytic chemistry (left side, a1-a8) and with catalytic and
gas-phase chemistry (right side, b1-b8). The channel centerline is located
at r = 0 and the gas-wall interface at r = 0:6 mm. Vertical dashed lines
demarcate the border of oxidation and reforming zones (axial location x0).

120



6.3. Result and discussion

ucts H2O and CO2 and of the radical OH) and of the temperature in the

gas and solid phases. To expose the e�ects of gaseous chemistry, two types

of simulations are shown: with only catalytic chemistry (Fig. 6.2(a1-a8))

and with combined catalytic and gaseous chemistries (Fig. 6.2(b1-b8)).

To facilitate the ensuing discussion, the main reaction pathways are

summarized by the following global steps:

CH4 + 2O2 = CO2 + 2H2O �H = �802 kJ/mol (total oxidation, TOX)

(R1)

2CH4 + O2 = 2CO + 4H2 �H = �38 kJ/mol (partial oxidation, POX)

(R2)

CH4 + H2O = CO + 3H2 �H = +206 kJ/mol (steam reforming, SMR)

(R3)

CO + H2O = CO2 + H2 �H = �41 kJ/mol (water gas shift, WGS)

(R4)

CH4 + CO2 = 2CO + 2H2 �H = +247 kJ/mol (dry reforming, DRM)

(R5)

Although the employed detailed surface and gas-phase reaction mecha-

nisms did not explicitly include the global steps R1-R5, it was still possible

to identify the main reaction routes by monitoring the ratios of the local

molar production rates of the major species. Radially-averaged stream-

wise pro�les of the species mole fractions hXki and of the wall temper-

ature Tw are shown in Fig. 6.3(a1, b1) for Case B. The corresponding

adiabatic equilibrium values (constant pressure and enthalpy equilibrium
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Figure 6.3: (a1, b1) Streamwise pro�les of wall temperature and radially-
averaged species mole fractions and (a2, b2) species conversion rates for
Case B: (a1, a2) with only catalytic chemistry and (b1, b2) with catalytic
and gas-phase chemistry. C and G refer to catalytic and gaseous conversion
rates, respectively. Horizontal tics in the ordinates of (a1, b1) provide the
adiabatic equilibrium compositions and temperature. The axial locations
marked x0 delineate the end of the oxidation zone.

calculations), based on the inlet composition and temperature, are also

shown with horizontal tick marks in Fig. 6.3(a1, b1). It should be noted

however, that the present simulations are not fully adiabatic due to the

surface radiation heat losses towards the colder inlet. The calculation of

radially-averaged species pro�les deserves attention since the important
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catalytic chemistry and (b) with catalytic and gas-phase chemistry.

POX and SMR reactions (R2 and R3) proceed with a large volumetric

increase. Therefore, the radially-averaged species mass fractions are �rst

computed as hYki = 2�
_M

R R
0 �(x; r)u(x; r)Yk(x; r)rdr (where _M is the mass


ow rate in the channel) and then linked to the radially-averaged mole frac-

tions as hXki = hYkiW
Wk

. The wall temperature pro�les Tw in Fig. 6.3(a1, b1)

refer to the gas-wall interface r = R. The radial variation of temperature

in the 25 �m thin solid is small, ranging from 3.6 K at x = 0 to 10�3 K

at x = 50 mm (see also solid wall temperature distributions in Fig. 6.2(a1,

b1)). The catalytic (C, solid lines) and gas-phase (G, dashed lines) species

conversion rates for the same case are further plotted in Fig. 6.3(a2, b2);

therein, the volumetric gas-phase rates G have been integrated over the

channel radius so as to be directly comparable to the catalytic surface rates

C. In Fig. 6.3(a2, b2) the notation is such that negative rates denote species

production and positive rates denote species destruction.

In the presence of both catalytic and gaseous reactions, the end of the
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oxidation zone (de�ned as the position where the hXO2i dropped to 1% of

its inlet value) was located at x0 � 14 mm, as shown in Figs. 6.3(b1) and

6.2(b3). In the presence of only catalytic reactions the oxidation zone was

signi�cantly longer, extending down to x0 � 36 mm (see Figs. 6.3(a1) and

6.2(a3)). In the hetero-/homogeneous chemistry simulations of Fig. 6.3(b1,

b2) about 94% of CH4 was converted in the oxidation zone (86% catalyt-

ically and 14% via gas-phase reactions). In the oxidation zone and irre-

spective of the chemistry model, CO, H2, and H2O increased signi�cantly,

while smaller amounts of CO2 were produced (Fig. 6.3(a1, b1)). Catalytic

total and partial oxidation (reactions R1 and R2) dominated in the oxida-

tion zone as manifested by the high production rates of H2O, CO2, CO and

H2 in both purely catalytic chemistry (Fig. 6.3(a2)) and combined hetero-

/homogeneous chemistry simulations (Fig. 6.3(b2)). Fig. 6.4 depicts the

main surface species coverage of species (�m > 10�6) for Case B. The main

surface coverages were the same for both types of simulations; however,

O(s), OH(s) and H2O(s) dropped faster with increasing streamwise dis-

tance in the hetero-/homogeneous chemistry simulations due to the faster

depletion of O2.

In Fig. 6.5(b), catalytic molar conversion ratios CO2=CCH4 , CH2O=CCH4

and CH2=CCO and gaseous molar conversion ratios GCH4=GO2 , GCH4=GH2O

and GCO=GH2 are shown, constructed from the results of Fig. 6.3(a2, b2)

(the gaseous ratios were inversed to avoid division by zero at speci�c x-

locations). CO2=CCH4 was �1:95 at the entrance and decreased gradually

towards zero at x0 � 14 mm for the hetero-/homogeneous chemistry sim-
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6.3. Result and discussion

ulations (Fig. 6.5(b)); this ratio was also �1:95 in the catalytic chemistry

simulations (Fig. 6.5(a)), but its drop towards zero was more gradual. The

CO2=CCH4 � 2 ratio indicated that methane was consumed practically by

total oxidation (R1) far upstream, while both total and partial oxidation

partial oxidation (R2) mainly controlled the methane conversion down to

x = x0. The dominant catalytic total oxidation reaction (R1) far up-

stream was also responsible for the maximum wall temperature attained

at x = 0 (see Figs. 6.3(a1, b1)) and for the local rise in XH2O at x � 0 (see

Figs. 6.2(a6, b6)).

The hot spot at the wall at x = 0 was of concern due to reactor thermal

management and catalyst integrity issues. It is important to note that the

presence of gaseous reactions, although a�ecting the wall temperature in the

oxidation zone (compare temperature pro�les in Figs. 6.3(a1) and 6.3(b1),

did not alter the fact that the peak wall temperatures always occurred at

x � 0 and were solely determined by the TOX reaction of the catalytic

reaction pathway. Characteristically, at x = 0, the wall temperatures were

practically the same for both types of simulations (1350 K), i.e. 218 K

higher than the adiabatic equilibrium temperature of 1132 K. Hence, the

reactor thermal management was not a�ected by the gaseous chemistry. CO

and H2 were produced catalytically in the oxidation zone initially via CPO

(CH2=CCO � 2) and progressively via SMR (CH2=CCO � 3). Downstream of

the oxidation zone (x > x0) gas-phase chemistry contribution was minimal

(see Fig. 6.3(b2)) and there catalytic steam reforming (R3) was dominant,

as manifested by the ratios CCH4=CH2O � 1 and CH2=CCO � 3 (Fig. 6.5(b)).
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Figure 6.5: Catalytic and gaseous molar conversion ratios of species for Case
B (a) with only catalytic chemistry and (b) with catalytic and gas-phase
chemistry.

In the reforming zone, H2O and CH4 were consumed producing more CO

while minimal CO2 was catalytically consumed, indicating that dry reform-

ing (R5) was insigni�cant. This was expected, since in the presence of

H2O/CO2, H2O reforming of methane over Rh was appreciably faster than

CO2 reforming [134].

In the hetero-/homogeneous chemistry simulations, vigorous gaseous

combustion was initiated, as manifested by the gas-phase conversions of ma-

jor species in Fig. 6.3(b2) which extended down to x � 14 mm where nearly

all of O2 was depleted: moreover, the establishment of a strong 
ame was

evident from the OH distribution of Fig. 6.2(b8). The onset of homogeneous

combustion shortened considerably the CPO oxidation zone (for the only-

catalytic chemistry simulations, x0 � 36 mm). Gas-phase total oxidation of

methane dominated in the oxidation zone, as the gaseous molar conversion

ratio GCH4=GO2 remained approximately 0.5 in the this zone (Fig. 6.5(b)).

In addition, gas-phase steam reforming was minimal in the reforming zone
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6.3. Result and discussion

as seen from the GCH4 and GH2O pro�les in Fig. 6.3(b2), at x > x0. Gaseous

combustion was bene�cial in reducing the oxidation zone length and, more-

over, it promoted the H2 yields at the reactor exit; for instance, in Case B

without gaseous chemistry hXH2i was 0.301 at x = 50 mm (Fig. 6.3(a1)),

while with hetero-/homogeneous combustion (Fig. 6.3(b1)) hXH2i = 0.319.

In terms of H2 buildup along the reactor, in the hetero-/homogeneous sim-

ulations hXH2i attained the value 0.3 at x = 30:2 mm, while in the only cat-

alytic simulations the corresponding distance for hXH2i = 0:3 was 49.8 mm.

On the other hand, the CO yields were lower in the hetero-/homogeneous

simulations due to the slow reactions between CO/CO2. Finally, while gas-

phase combustion led to reduced reactor length and potentially to higher H2

yields, these advantages did not come at the detriment of catalyst coking.

Experiments have shown [126] that the formation of 
ames did not result

in carbon deposition over the Rh surfaces.

In Fig. 6.6 radially-averaged streamwise pro�les of species mole frac-

tions and wall temperature are illustrated for Cases A, C, D and F of Ta-

ble 6.1 with only catalytic and with combined catalytic and gaseous reac-

tions. Dashed lines demarcate the ends of the oxidation zones located at x0

= 5.2, 21.6, 9.8, and 23.2 mm for Cases A, C, D and F, respectively, when

hetero-/homogeneous chemistry was used (Fig. 6.6(b1-b4)). An increase

in reactor diameter lengthened the oxidation zone, and intensi�ed gaseous

combustion (as seen by the increase in hXOHi in Fig. 6.6(b2)) and increased

the wall temperature. Results without gas-phase chemistry (Fig. 6.6(a1-

a4)) always yielded extended oxidation zones. Due to the large diameter
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in Case C (and hence to a reduced surface-to-volume ratio), O2 was not

fully depleted at the channel outlet in the absence of gas-phase chemistry.

Comparing the outlet mole fractions in Fig. 6.6(b1-b4) to those without

gas-phase chemistry in Fig. 6.6(a1-a4), hXH2i was higher while hXCOi was

lower, in agreement with the �ndings of Case B in Fig. 6.3. The peak wall

temperatures occurring at x = 0 for all cases in Fig. 6.6 manifested that

the TOX catalytic reaction was faster and always dominated at the begin-

ning of the reactor. Apart from kinetic e�ects, transport imbalance could

also a�ect the wall temperatures [89], leading to superadiabatic (undera-

diabatic) values when the Lewis number of the de�cient reactant was less

(greater) than unity. Under the present fuel-rich conditions, however, the

Lewis number of the de�cient O2 reactant was slightly larger than unity

(LeO2 � 1:1) such that transport imbalance had a small impact on the wall

temperature. In the recomputed Case B with LeO2 = 1, the peak wall

temperatures increased by only 20 K.

The partial oxidation product selectivities were de�ned as:

SH2 =
0:5 YH2=WH2

(YCH4;IN � YCH4;OUT)=WCH4

(6.13)

SCO =
YCO=WCO

(YCH4;IN � YCH4;OUT)=WCH4

(6.14)

Axial pro�les of H2 and CO selectivities for Cases A-F with and without

gas-phase combustion are depicted in Fig. 6.7. Selectivities for H2 and CO

at the outlet for all Cases A-F, with and without gas-phase chemistry, and

also the corresponding adiabatic equilibrium values are shown in Table 6.2.
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It is seen that gas-phase reactions increased the H2 selectivity, but reduced

the selectivity of CO. It is well-known that the CPO of methane is an

equilibrium-limited and not a kinetically-limited process [110]. This is con-

sistent with the selectivity comparisons of Si;C (only catalytic chemistry)

and Si;eq (i = H2; CO). On the other hand, gas-phase combustion can allow

for H2 selectivities above the equilibrium values for the presently studied

reactor length, which is of interest for certain industrial processes.

The streamwise wall temperatures, centerline gas temperatures, and

radially-averaged gas temperature pro�les for Case B with and without

gas-phase chemistry are shown in Fig. 6.8. Due to the highly exothermic

catalytic total oxidation, which was dominant far upstream, a surface hot

spot was observed at x = 0. The surface temperature decreased monotoni-

cally due to the endothermic reforming reactions occurring downstream. A
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Table 6.2: Selectivities for H2 and CO at outlet and corresponding adiabatic
equilibrium values.

Case SCO;C+G SCO;C SCO;eq SH2;C+G SH2;C SH2;eq

A 0.896 0.908 0.911 0.939 0.902 0.908
B 0.822 0.899 0.911 0.941 0.868 0.908
C 0.768 0.848 0.911 0.940 0.809 0.908
D 0.790 0.904 0.912 0.913 0.876 0.900
E 0.866 0.885 0.915 0.935 0.871 0.919
F 0.849 0.832 0.859 0.938 0.794 0.870

maximum radially-averaged gas-phase temperature of 1350 K was detected,

while a maximum local gas temperature of 1582 K was reached at the cen-

terline. Both radially-averaged and centerline gas temperatures exceeded

the adiabatic equilibrium temperatures by up to 218 and 450 K, respec-

tively. The position of the gas-phase maximum temperature was located at

x � 11 mm. As inferred by comparison of cases with hetero-/homogeneous

and only catalytic combustion in Fig. 6.8, gas-phase combustion, while

a�ecting the radially-averaged and local centerline gas temperatures, did

not pose thermal management concerns, since the peak 
ame temperatures

were always located away from the channel walls. This behavior will be

elaborated in the following section. The presence of gaseous combustion

increased only modestly the wall temperatures over the axial extent of vig-

orous gaseous combustion (5 < x < 11 mm in Fig. 6.8, wherein GCH4(x) was

at least 50% of its peak value). Over this length, the wall temperatures of

the hetero-/homogeneous chemistry simulations were at most 25 K higher

than those of the purely catalytic chemistry simulations.
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6.3.2 Impact of simulation parameters on gaseous com-

bustion and 
ame structure

Streamwise pro�les of gas-phase and catalytic conversion rates of the limit-

ing reactant O2 for Cases A-F are illustrated in Fig. 6.9. It is evident that,

for all cases, catalytic ignition (light-o�) was achieved practically at x � 0,

and this was in turn assisted by the hot-spot at the wall due to the total

oxidation of methane. The integrated gas-phase to catalytic conversion ra-

tios of the limiting reactant O2, Gint;O2=Cint;O2 =
R x=L

x=0 GO2dx=
R x=L

x=0 CO2dx,

were 0.11, 0.50, 1.13, 0.81, 0.22 and 0.23 for Cases A-F, respectively. Ef-

fects of channel diameter can be inferred from Fig. 6.9(a-c) corresponding

to Cases A-C that have the same parameters except for d. Larger diameters

resulted in stronger gas-phase combustion due to smaller surface-to-volume

ratios, which in turn reduced the relative importance of the catalytic re-

action pathway. In Case A (d = 0:5 mm) gas-phase combustion was weak

(Gint;O2=Cint;O2 = 0:11) while gaseous conversion of O2 in Case C (d = 2:0

mm) was dominant (Gint;O2=Cint;O2 = 1:13). Furthermore, the oxidation

zone length increased with increasing diameter. The catalytic pathway

could not e�ciently convert O2 at smaller surface-to-volume ratios and this

could not be compensated by the gaseous O2 conversion as the establish-

ment of a gaseous zone had a characteristic induction length. Comparison of

Cases B and D with di�erent equivalence ratios in Fig. 6.9 showed that lower

’ promoted gas-phase combustion, decreased the oxidation zone length and

suppressed catalytic conversion. As also seen in Fig. 6.9, the catalytic (C)

and gas-phase (G) conversions occurred in parallel: O2 leaked through the
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gaseous combustion zone, to be subsequently converted catalytically at the

wall. The suppression of catalytic reactions caused by the reduced leakage

of the limiting O2 reactant through the gaseous reaction zone, will be dis-

cussed later. The lower pressure and inlet temperature in Cases E and F,

respectively, resulted in reduced gaseous-to-catalytic conversion ratios and

to a weaker gas-phase combustion.

Figure 6.10 provides 2-D distributions of the CH4 gaseous reaction rate,

O2 mass fraction, local methane-to-oxygen equivalence ratio, and temper-

ature for Cases B-E. Superposed are isocontours of the oxygen gas-phase

reaction rate; oxygen gas-phase reaction isocontours are shown, with the

outer and inner ones corresponding to 15% and 90% of the maximum oxy-

gen reaction rate of each case. Maximum O2 gas-phase reaction rates of

Cases A-F were 85.9, 146.9, 284.7, 406.5, 35.6 and 33.4 kg/m3s, respec-

tively. The local oxygen radial 
uxes �YO2(v + VO2;r) (denoted by vertical

arrows at selected positions in the channel) are shown in Fig. 6.10(a1, b1, c1,

d1). Case B was considered as reference case and one parameter (diameter

in Fig. 6.10(b), equivalence ratio in Fig. 6.10(c) and pressure in Fig. 6.10(d)

was varied for Cases C, D, E, respectively).

Gas-phase combustion modi�ed the radial O2 
uxes by consuming the

oxygen. Due to the high catalytic consumption rate of oxygen radial O2


uxes were directed towards the wall except in regions close to the inlet

in Case C (Fig. 6.10(b1)). This showed that for the larger diameter case

(d = 2:0 mm), the radial di�usive O2 
ux could not overcome the radial

convective 
ux induced by the growing species boundary layer. The main
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Figure 6.10: 2-D distribution of (a1-d1) methane gas-phase reaction rate,
(a2-d2) oxygen mass fraction, (a3-d3) equivalence ratio, (a4-d4) temper-
ature. Superposed in all graphs are isocontours of the oxygen gas-phase
reaction rates, and in (a1-d1) of the radial oxygen 
uxes �YO2(v + VO2;r)
denoted by vertical arrows. The graphs (a-d) correspond to Cases B-E of
Table 6.1. The channel centerline is located at r = 0.
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gaseous combustion zone was located at the channel core and away from

the wall, which was largely an outcome of the increased methane-to-oxygen

equivalence ratio near the wall due to the catalytic depletion of the limiting

O2 reactant (see for example the ’ distribution in Fig. 6.10(a3) for d = 1:2

mm and Fig. 6.10(b3) for d = 2 mm). The increase in diameter rendered

the 
ame stronger (peak _wCH4 = 284.8 kg/m3s as opposed to 146.9 kg/m3s

in Case B) and pushed it farther downstream due to the reduced preheat

of the incoming gas from the hot wall (compare Figs. 6.10(a4) and (b4)).

Comparison of Cases B and D in Fig. 6.10 (with di�erent equivalence ratios)

showed that the reduction in ’ increased the peak _wCH4 by a factor of

2.8, and shifted the 
ame position upstream. The lower pressure of Case

E compared to Case B, resulted in a weaker and broader 
ame, pushed

the 
ame farther downstream and signi�cantly increased the radial oxygen


uxes in the wall vicinity (Fig. 6.10(d1)). The lower leakage of oxygen

through the gaseous reaction zone in Case B with elevated pressure and its

resulting stronger 
ame led to higher G=C ratio compared to Case D (see

also Fig. 6.9).

In summary, the spatial strati�cation of the reactants and temperature

due to catalytic reactions greatly impacted the characteristics of the estab-

lished 
ames. In particular, the near-wall depletion of the reactants CH4

and O2 did not allow for the 
ame to extend close to the wall. Further, the

partial oxidation products (and especially the very reactive H2) produced in

the gaseous induction zone via CPO greatly promoted homogeneous igni-

tion. Fig. 6.2(b4) illustrated signi�cant amounts of H2 just upstream of the
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ame: at the centerline position of the 
ame (x � 9 mm) XH2 � 0:17. The

high di�usivity of H2 allowed for fast transport of catalytically-produced

hydrogen from the wall to the centerline, leading to nearly plug-
ow ra-

dial H2 pro�les. The presence of hydrogen, in turn, has been shown to

substantially extend the upper 
ammability limits (UFL) of methane [135].

Conversely, the less di�usive CO was con�ned close to the catalytic wall

for x < 9 mm (Fig. 6.2(b5)). This rapid radial di�usion of H2 greatly fa-

cilitated homogeneous ignition. As Rh had high selectivity towards H2 the

propensity of homogeneous ignition during methane CPO was increased for

this catalyst. On the other hand, for Pt that had appreciably lower H2

selectivity, homogeneous ignition was altogether suppressed [126]. It is also

important to stress that in practical geometries with channel diameters � 2

mm, there was always a combined hetero-/homogeneous combustion in the

oxidation zone of the reactor.

6.3.3 Regimes of importance of homogeneous chemistry

A fundamental question in practical CPO systems is whether gas-phase

chemistry is truly unimportant and under which conditions it can be safely

neglected in the modeling or in the interpretation of experimental measure-

ments. This question is compounded by the experimental di�culty in prob-

ing 
ames at the tight CPO geometrical con�nements (hydraulic channel

diameters of 2 mm or less). To this direction, extensive parametric simu-

lations were carried out to delineate the regimes of signi�cance of homoge-

neous chemistry. Integrated gas-phase to catalytic conversion ratios of O2 as
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Figure 6.11: Contour plots of integrated gas-phase to catalytic integral
conversion ratio of O2 (Gint;O2=Cint;O2) as a function of inlet temperature
and pressure for d = 1:2 mm and ’ = 4:0.

a function of inlet temperature and pressure for di�erent d and ’ have been

constructed in Figs. 6.11 and 6.12. Each plot was created from the results

of 21 simulations (at p = 1; 3; 5; 10; 15; 25 bar and TIN = 300; 600; 900 K)

except for the nominal conditions d = 1:2 mm and ’ = 0:4 where 42 simula-

tions (at p = 1; 3; 5; 10; 15; 25 bar and TIN = 300; 400; 500; 600; 700; 800; 900

K) were performed. The latter is depicted in Fig. 6.11 and entails �ner

resolution. As inferred from Figs. 6.11 and 6.12 decreasing inlet temper-

ature and pressure suppressed gas-phase combustion. On the other hand,

comparison of plots with di�erent d and ’ showed that larger diameter

and lower equivalence ratio resulted in stronger gaseous combustion. Iso-

contours in Fig. 6.11 showed that in the nominal conditions d = 1:2 mm

and ’ = 4:0 with inlet temperature of 300 K, homogeneous combustion was
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Figure 6.12: Contour plots of integrated gas-phase to catalytic conversion
ratio of O2 (Gint;O2=Cint;O2) as a function of inlet temperature and pressure
for di�erent d and ’.
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Figure 6.13: Gaseous and catalytic species conversion rates in the reforming
zone.

minimal up to �6 bar. Furthermore, an increase of the inlet temperature en-

hanced gas-phase combustion such that Gint;O2=Cint;O2 = 0:1 was achieved

with TIN = 900 K at 5 bar. The white-colored areas in Figs. 6.11 and 6.12

(Gint;O2=Cint;O2 < 5%) identi�ed operating regions where gas-phase chem-

istry could be neglected in simulations without compromising the interpre-

tation of the results. Further, the plots in Figs. 6.11-6.12 could also provide

a basic design guide for CPO reactors. For power generation systems (gas

turbines using the catalytic-rich/gaseous-lean combustion concept) relevant
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pressures and inlet temperatures were 15 bar and 700 K, respectively. For

the stoichiometric for CPO ’ = 4:0, Fig. 6.12 indicated that, irrespective

of the channel diameter, gas-phase combustion was always signi�cant in

power generation systems. Conversely, for laboratory CPO reactors typi-

cally operated at 1 bar, gaseous combustion was important for large channel

diameters (d = 2 mm), low equivalence ratios (’ = 2:5) and moderate pre-

heats TIN > 500 K.

Finally, with respect to the e�ect of gas-phase reactions in the reform-

ing zone, Fig. 6.13 illustrates gaseous and catalytic species conversion rates

for two cases having considerable homogeneous combustion in the oxidation

zone. The �gure shows a small impact of gas-phase reactions downstream

of the oxidation zone compared to catalytic reactions, even for conditions

with high inlet temperature and low equivalence ratio.

6.4 Conclusions

The hetero-/homogeneous chemistry interactions and the stabilization of


ames during the catalytic partial oxidation (CPO) of methane in rhodium-

coated, nearly adiabatic cylindrical channels with lengths of 50 mm have

been investigated numerically. Axisymmetric Navier-Stokes simulations

were employed with detailed catalytic and gas-phase chemical reaction mech-

anisms, conjugate heat transfer in the solid wall, surface radiation heat

transfer, and detailed species transport. Parametric simulations were per-

formed at pressures 1.0{25 bar, methane-to-air equivalence ratios 2.5{4.0,

inlet temperatures 300{900 K, and channel diameters 0.5{2.0 mm. The

141



6. Methane catalytic partial oxidation over rhodium-coated
channels

following are the key conclusions of this study:

1) Flames were formed in the oxidation zone of the reactor and became

stronger as the pressure and inlet temperature increased, the equivalence

ratio was lowered, and the channel diameter was enlarged. Comparisons

between simulations with and without the inclusion of gaseous chemistry in-

dicated that the latter drastically altered the chemical processes and species

distribution in the oxidation zone of the reactor.

2) A strong radial strati�cation of the reactant and temperature distri-

butions was evident over the gaseous induction zones due to the underlying

catalytic reactions at the channel walls. The aforementioned strati�cation

led to the creation of 
ames concentrated at the channel core due to the

near-wall depletion of the reactants that in turn suppressed the stabilization

of 
ames in the wall vicinity. At the axial positions of maximum 
ame tem-

perature, the corresponding wall temperatures were �323 K lower than the

peak gas temperatures. Moreover, the wall temperatures were only �23 K

higher compared to those computed without consideration of gaseous chem-

istry. This behavior was highly desirable for practical CPO systems, as it

facilitated the reactor thermal management and the catalyst thermal stabil-

ity. In all cases, the maximum wall temperature was attained at x � 0 due

to the total catalytic oxidation of methane that created a local hot spot.

3) The catalytically-produced H2 (via partial oxidation) over the gaseous

induction zone strongly a�ected the ensuing 
ames as it exhibited the weak-

est radial strati�cation, with H2 pro�les having nearly plug-
ow shapes as

a result of the large molecular di�usivity of this species. Large amounts of
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H2 could thus reach the channel core and aid the homogeneous ignition and

stabilization of 
ames. It is for this reason that catalysts with less H2 selec-

tivity compared to rhodium (e.g. platinum) have been shown to suppress


ame formation. On the other hand, the CO produced via partial oxida-

tion, due to its lower di�usivity, remained con�ned close to the catalytic

walls thus having a weaker impact on the 
ames.

4) The established 
ames considerably reduced the oxidation zone

length of the CPO reactor. This indicated that gaseous combustion was

bene�cial since the ensuing steam reforming could be initiated farther up-

stream, thus reducing the overall reactor length requirements. The presence

of gaseous reactions increased the H2 selectivities and lowered the CO se-

lectivities at the reactor outlet.

5) Over the axial extent of the established 
ames, combined hetero-

/homogeneous combustion occurred. The de�cient O2 reactant could leak

through the weak gas-phase combustion zones at the 
ame tails and reach

the walls where it was then converted catalytically. Plots of the radial mass


uxes of O2 indicated that the O2 leakage through the 
ames was favored

by lower pressures and inlet temperatures, higher equivalence ratios and

smaller channel diameters.

6) Detailed parametric simulations have delineated the regimes of ap-

preciable gas-phase chemistry contribution as a function of pressure, inlet

temperature, equivalence ratio, and channel diameter. For atmospheric

pressure and an inlet temperature of 300 K, gas-phase chemistry was alto-

gether negligible. For gas turbines in power generation systems (utilizing the
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catalytic-rich/gaseous-lean combustion methodology) with typical p = 15

bar and TIN = 700 K, and for the optimum CPO stoichiometry ’ = 4:0,

gas-phase combustion was always important as the gas-to-catalytic conver-

sion ratio of the de�cient O2 reactant was 0.2{2.0 for channel diameters

0.5{2.0 mm.
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Chapter 7

Conclusions and future works

7.1 Conclusions

In Chapter 3 three-dimensional direct numerical simulations of turbulent

catalytic combustion of fuel-lean hydrogen/air mixtures (equivalence ratio

’ = 0:24) were performed to study the e�ects of turbulence and catalytic

reactivity on reaction rate 
uctuations in a platinum coated channel with

a prescribed wall temperature of 960 K. Two inlet bulk Reynolds numbers

(ReH = 5700 and 12360 with corresponding friction Reynolds numbers Re�

= 182 and 385) and four single-step global catalytic rates (non-reacting,

slow �nite rate, normal �nite rate and in�nitely-fast surface chemistry) were

investigated. Laminar simulations were also carried out for every catalytic

rate and Reynolds number. Heat transfer from the hot catalytic walls lami-

narizes the incoming turbulent 
ow. The mechanism of laminarization was

manifested by the suppression of the streamwise vertical structures with

increasing streamwise distance, a process that was stronger for the lower

Reynolds number cases. The impact of the 
ow laminarization and of the
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speci�c catalytic kinetic rates on the hydrogen concentration on the cat-

alytic walls was assessed. While for in�nitely-fast chemistry the hydrogen

mass fraction at the wall was identically zero, �nite-rate chemistry intro-

duced a large excess of the hydrogen wall mass fraction, especially at the

far upstream positions, with values exceeding the inlet hydrogen mass frac-

tion by 50%. Average turbulent hydrogen catalytic rates were evaluated

and compared to corresponding laminar values. The ratio of turbulent-

to-laminar catalytic reaction rates h _sT i= _sL strongly depended on Reynolds

number and catalytic reactivity. The h _sT i= _sL ratios increased monoton-

ically with increasing streamwise distance. The rise of h _sT i= _sL with in-

creasing streamwise distance decelerated appreciably by slowing down the

surface reactivity. A correlation was proposed for the ratio of the turbulent

hydrogen catalytic reaction rate to the corresponding turbulent catalytic

rate at in�nitely-fast chemistry. The instantaneous local reaction rates ex-

hibited large 
uctuations at a given streamwise position, which were up to

300% and 500% for Re� = 182 and 385, respectively. Fourier analysis was

carried out on the time traces of the hydrogen catalytic reaction rates and

cumulative distribution functions of the power spectral density functions

were constructed as a function of frequency. It was shown that a diminish-

ing catalytic reactivity acted as a low-pass frequency �lter for the overlying


uctuations of the turbulent 
ow.

Chapter 4 presented 3-D direct numerical simulations with detailed

heterogeneous and homogeneous chemistry and transport in order to inves-

tigate the turbulent combustion of fuel-lean hydrogen/air mixtures (’ =
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0.16 and 0.18) in a platinum-coated channel with prescribed wall tempera-

tures of 1250 K and 1270 K and an incoming bulk Reynolds number of 5700.

In the ’ = 0.16 case, only catalytic combustion occurred at the statistically

stationary state, while for ’ = 0.18 both catalytic and gas-phase combus-

tion were present. Over the channel lengths where only catalytic reactions

were important, appreciable 
uctuations of the hydrogen concentration on

the wall (up to 34%) were observed, while surface species concentration 
uc-

tuations were up to 20%. In the case with homogeneous combustion, the

streamwise ignition locations exhibited spatio-temporal 
uctuations with a

standard deviation of about three channel half-heights. Nonetheless, cat-

alytic combustion provided a relatively good 
ame stabilization mechanism.

Gaseous combustion was con�ned close to the catalytic walls in the form of

elongated streamwise structures. Gaseous and catalytic combustion coex-

isted because of incomplete combustion through the gaseous reaction zones.

In regions of high streamwise vorticity, the associated high turbulent trans-

port caused local 
ame extinction.

In chapter 5, the turbulent combustion of fuel-lean H2/air mixtures

(’ = 0:18) was investigated using 3-D DNS in platinum-coated channels

with a prescribed wall temperature Tw = 1270 K using detailed hetero-

/homogeneous reaction mechanisms at two friction Reynolds numbers Re� =

182 and 385. For the high Re� case, homogeneous ignition is signi�cantly

promoted due to stronger �nite-rate chemistry e�ects and at the same time

the preferential di�usion of H2 in O2 and N2 is appreciably suppressed such

that the excursions of the wall equivalence ratio ’w above the bulk gaseous
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’ are dampened. The hetero-/homogeneous chemistry coupling inhibits ig-

nition kernel formation due to the occurrence of net-absorptive OH, H and

O radical 
uxes at the catalytic wall and to the catalytically-induced near-

wall H2 depletion. The structure of the gaseous combustion zone strongly

depends on Re� . At the extinguished homogeneous reaction zones and at

the high Re� , catalytic combustion is intense, leading to combined hetero-

/homogeneous hydrogen conversion well downstream of the average homo-

geneous ignition location. Implications of the spatiotemporal correlation of

the formed stripes or islands to the thermal stability of practical reactors

were assessed. Signi�cant spanwise surface temperature nonuniformities

could be obtained as a result of the 
ame topology.

7.2 Future work

The implementation of new physical processes and the improvement of the

computational performance would be a valuable extension to the DNS code

available at the Aerothermochemistry and Combustion Systems Laboratory

of ETH. Regarding the improvement of the physical model, the implementa-

tion of radiative heat transfer could signi�cantly improve the code predicting

capability, which is challenging because radiative heat transfer necessitates

iterations within a single time step and communication between di�erent

CPUs on a parallel architecture, as the interacting surface grid points are

distributed among many di�erent processors.

The real challenge would be to simulate turbulent combustion in cat-

alytic channels with higher Reynolds number. The increased pressure re-
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quirements of new generation turbines have resulted in incoming Reynolds

numbers of up to 30,000 based on the hydraulic diameter of an individual

channel of the honeycomb reactor. Although, performance improvement

was achieved during this work, further enhancements are needed. The fol-

lowing approaches can be explored: a) Since the surface species respond

much faster, the species coverage, which in the current implementation is

treated as transient, can be assumed to be at steady state. This changes

the nature of the problem from purely di�erential to di�erential/algebraic

equations (DAE), b) Further improvement of the preconditioner by �nding

optimum block size of approximated Jacobain matrix and making approxi-

mated source terms more accurate by considering convection and di�usion.

For future studies, in order to investigate the coupling between the

physical (
ow and transport) and chemical (gas phase and surface chem-

istry) processes, the Computational Singular Perturbation (CSP) method

can be used. The analysis will also provide important information about

the timescales of the di�erent processes.

Large surface concentration 
uctuations together with the stronger

species nonlinearities in the other reactions of the surface mechanism (i.e.

apart from hydrogen adsorption), call for a more careful evaluation of the

average surface reaction rate closure. DNS with detailed catalytic chem-

istry in the present work showed that laminar-like closures are not accept-

able simpli�cations under realistically high turbulence levels. Therefore, a

full surface reaction-rate closure will be necessary and can be developed

in RANS hetero-/homogeneous combustion models (e.g. a presumed PDF
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closure, in a manner analogous to the gas-phase reaction rate modeling)
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Appendix A

Nomenclature

cp;k speci�c heat at constant pressure of the k-th gaseous species, Eq. (6.8)

d channel internal diameter, Fig. 6.1

Dkm mixture-average di�usion coe�cient of the k-th gaseous species, Eq. (6.7)

DT
k thermal di�usion coe�cient of the k-th gaseous species, Eq. (6.7)

h total enthalpy, Eq. (6.4)

h0
k chemical enthalpy of the k-th gaseous species, Eq. (6.8)

Kg total number of gaseous species, Eqs. (6.5), (6.7), (6.8), and (6.11)

ks thermal conductivity of the solid, Eqs. (6.9) and (6.10)

L channel length, Fig. 6.1

Le Lewis number (thermal over mass di�usivity)

Ms total number of surface species, Eq. (6.6)

p pressure, Eqs. (6.2) and (6.3)

qrad radiation heat 
ux, Eq. (6.10)

R0 universal gas constant, Eq. (6.8)

R channel radius, Fig. 6.1
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_sk catalytic molar production rate of the k-th species, Eqs. (6.6) and (6.10)

T gas temperature

Tw wall temperature, Eqs. (6.9), (6.10) and (6.12)

T0 reference temperature, Eq. (6.8)

u streamwise velocity component, Eqs. (6.1)-(6.3)

UIN inlet streamwise velocity

v radial velocity component, Eqs. (6.1)-(6.3)
�!
Vk di�usion velocity vector of the k-th gaseous species, Eq. (6.7)

Wk; W molecular weight of the k-th species, average molecular weight, Eq. (6.7)

Xk mole fraction of the k-th gaseous species

Yk mass fraction of the k-th gaseous species, Eq. (6.5)

x; r streamwise and radial coordinates, Fig. 6.1

x0 oxidation zone length, Fig. 6.2

Greek Symbols

� surface site density, Eq. (6.6)

�s solid wall thickness, Fig. 6.1

" surface emissivity, Eq. (6.12)

�m coverage by the m-th surface species, Eq. (6.6)

�g gas thermal conductivity, Eq. (6.4)

� dynamic viscosity, Eqs. (6.2) and (6.3)

� gas density

� Stefan-Boltzmann constant, Eq. (6.12)

�m surface species site occupancy, Eq. (6.6)
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’ methane-to-oxygen equivalence ratio

_!k homogeneous molar production rate of the k-th species, Eq. (6.5)

Subscripts

IN, OUT inlet, outlet

k; m indices for gas-phase and surface species

w wall
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