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Résumé : Analyse de la propagation d’une flamme méthane-air dans un canal étroit
bi-dimensionnel avec prise en compte des couplages thermiques

La stabilisation et la propagation d’une flamme laminaire pré-mélangée méthane/air dans
un canal étroit, sont revisitées à partir de simulations numériques. La combustion est modélisée
à l’aide d’une chimie et de propriétés de transport complexes, ainsi que du couplage des trans-
ferts thermiques à l’interface et dans les parois. Premièrement, une procédure de réduction
des mécanismes chimiques adaptée à cette application est mise en œuvre. Deuxièmement, la
réponse de la forme de flamme, lorsque soumise à diverses conditions thermiques, est analysée
en termes de vitesse de propagation et de topologie de l’écoulement au voisinage du front de
réaction. Troisièmement, le mécanisme de transfert thermique déclenchant la propagation de
flamme lorsque celle-ci est soumise à un préchauffage est montré être principalement convectif.
Pour finir, le rôle prépondérant de la gravité, via l’action du moment barocline, sur l’asymétrie
des flammes se propageant dans des canaux étroits, est démontré.

Mots-clés : simulation numérique directe de la combustion, écoulements laminaires, trans-
ferts flamme-paroi, combustion à petite échelle, réduction de schéma cinétique

Abstract: Analysis of methane-air flame propagation in a narrow channel with conjugate
heat transfer accounting

The flow physics controlling the stabilization and propagation of a methane/air laminar
premixed flame in a narrow channel is revisited from numerical simulations. Combustion is
described with complex chemistry and transport properties, along with a coupled simulation of
heat transfer at and within the wall. First, a chemistry mechanism reduction procedure fitted to
this application is applied. Second, the response of the premixed flame shape to various heat
transfer conditions is analysed in terms of flame propagation velocity and flow topology in the
vicinity of the reactive front. Third, the heat transfer mechanism triggering the flame movement
when this last is submitted to an upstream wall preheating is revealed to be mainly convective.
To finish, the preponderant role of gravity, via an impact on the baroclinic torque, in the sym-
metry breaking of small-scale channel flames is demonstrated.

Keywords: direct numerical simulation of combustion, laminar flows, flame-wall transfers,
small-scale combustion, kinetic mechanism reduction
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SL Flame burning velocity m.s−1

T Temperature K

u Velocity vector m.s−1

u Velocity in the x direction m.s−1

v Velocity in the y direction m.s−1

V Control volume m3

Vc,j Correction velocity of species k m.s−1

Vk,j Molecular diffusion velocity of the k-th species in the j-th
direction

m.s−1

w Velocity in the z direction m.s−1

W Molecular weight of the mixture kg.mol−1

Wk Molecular weight of species k kg.mol−1

Xk Molecular fraction of species k -

[Xk] Molecular concentration of species k mol.m−3

Y Species mass fraction vector containing the mass fractions
of the Nsp species

-
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YC Progress variable -

YF Mass fraction of fuel -

Yk Mass fraction of species k -

YOx Mass fraction of oxidizer -

Greek letters

Symbol Description Unit

α Thermal diffusion coefficient m2.s−1

αloss Heat loss coefficient W.m−3.K−1

βj Temperature exponent of the Arrhenius law for reaction j -

δ Kronecker tensor -

δF Flame thickness m

δt Time step s

δtC Convective time step s

δtCh Chemical time step s

δtD Diffusive time step s

δx Cell size in the direction x m

∆Ho
j Molecular enthalpy change when passing from reactants to

products in reaction j
J.mol−1

∆So
j Molecular entropy change when passing from reactants to

products in reaction j
J.mol−1.K−1

ε Radiative emission coefficient -

λ Thermal conductivity W.m−1.K−1

λk Thermal conductivity of pure species k W.m−1.K−1

µ Dynamic viscosity kg.m−1.s−1

µk Dynamic viscosity of pure species k kg.m−1.s−1

ν Kinematic viscosity j m2.s−1

νk,j Stoichiometric coefficient of species k in reaction j -

ν ′k,j Reactant stoichiometric coefficient of species k in reaction
j

-

ν ′′k,j Product stoichiometric coefficient of species k in reaction j -

ρ Density kg.m−3

ω̇k Chemical source term of species k kg.m−3.s−1

ω̇mk Molar chemical source term of species k mol.m−3.s−1
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ω̇ρYk Chemical source term of species k kg.m−3.s−1

ω̇ρE Heat release source term W.m−3

φ Equivalence ratio -

σ Stefan-Boltzmann constant W.m−2.K−4

τ Newtonian viscous tensor kg.m−1.s−2

τconv Convection characteristic time s

τchem Chemical characteristic time s

τdiff Diffusion characteristic time s

τign Auto-ignition delay s

Non dimensional numbers

Symbol Description

Da Damköhler number

Fr Froude number

Lek Lewis number associated to species k

Nu Nusselt number

Pe Péclet number

Re Reynolds number

Superscript and subscript

Symbol Description
o Adiabatic

f Fluid

F Flame

s Solid

st Stoichiometric

w Wall
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1.1 Chapter summary

Section 1.2 gives a picture of the industrial and technological context of the young micro-
combustion field. The recent trend to miniaturise the electrical power sources is depicted in
subsection 1.2.1 while subsection 1.2.2 presents the limits of this technology. Subsection 1.2.3
shows that combustion is evoked as an alternative to electrical batteries for embedded low power
sources and presents the first technological achievements made by the community in this area.

Section 1.3 is the opportunity to give an overview on the former and ongoing research
work on small-scale combustion. First, in subsection 1.3.1, the various definitions for micro-
combustion encountered in the literature are recalled and discussed to introduce the present
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study framework. Second, subsection 1.3.2 evokes the physics specificities of combustion at
small scales. In subsection 1.3.3 an overview of the common modelling strategies is then given
with a special attention paid to the analytical and numerical assumptions made in the approach
of the physics. The propositions brought by the community to manage this new combustion
technology are then presented in subsection 1.3.4. Finally, the Ph. D. thesis objectives are
presented and placed within this state of the art in section 1.4 and the communications issued
from this work are listed in section 1.5.

1.2 Context of the micro-combustion study

1.2.1 Industrial context: The miniaturisation race

The last decades have been marked by research and industrial efforts in the field of miniatur-
isation. The recent deep changes in the consumers habits, with the entry in private life of a
multitude of portable devices such as the cellular phones, the laptops or the GPS technologies,
motivated the downsizing and the weight reduction of electronic devices. In addition, tech-
nical fields such as biomedicine or molecular biology, also took advantage of miniaturisation
for applications such as the conception of micro-grippers used to manipulate organic cells or
tissues [39], or the fabrication of bio-sensors used in the detection of virus [74]. The need
for downsizing, issued by these recent applications, motivated the development of small-scale
fabrication technologies. Among the current techniques one can count the Electro-Discharge
Machining (EDM), the Laser Beam Machining (LBM) and the Ion Beam Machining (IBM)
permitting to assemble the so-called Micro-Electro-Mechanical Systems (MEMS). These tech-
nologies have been employed with success to decrease dramatically the size of all types of
components, from gas separation column of portable chromatograph used in the detection of
hazardous gases [56] to inkjet print heads.

1.2.2 Limits of miniaturisation: The power source

In the context of portable devices with embedded low power source, the ability of the evoked
techniques in the conception of low-scale mechanisms creates now a gap between the weight
constrain of the powered technology and the onboard source powering this technology, typically
an electrical battery. Indeed, electrical batteries are currently widely preferred for the powering
of small portable devices, creating a market reaching 37 billion dollars per year, in 2005 [35].
The weight and space constrains induced by the low specific energy of electrical batteries are
now a limitation for numerous applications. An extreme example can be found in figure 1.1
on which an actuator is displayed on top of its electrical battery. The battery is several times
bigger and heavier than the device it is powering. The micro-satellite application offers also
quite striking examples. Taking for instance the A62 version of the Ariane 6 rocket [5]: with
a mass of 530 tons at lift-off, this rocket can transfer in geostationary orbit a payload of 4,5
tons. Considering the very low payload/mass ratio in this type of application, a gain in mass on
the satellite power source would have a significant economical impact. This gives prominence
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to microgravity applications in the research for lighter powering sources. Other mechanical
devices such as micro-rovers, micro-robots, and micro-airplanes are also limited by the weight
of the available power systems.
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1. Introduction

The last few years have experienced a growing trend in the
miniaturization of mechanical and electro-mechanical engineering
devices, which follows the path initiated by the areas of micro-
electronics, biomechanics, andmolecular biology, and that is in large
part the result of the progressmade inmicro-fabrication techniques.
High-precision fabrication of devices in the centimeter scale range is
being made using micro-fabrication techniques such as electro-
dischargemachining (EDM), laser beammachining (LBM)or focused
ion beam machining (FIBM) [1,2]. Devices in the millimeter scale
range are being fabricated usingMicro-Electro-Mechanical Systems
(MEMS), rapid prototyping and batch-manufacturing techniques
[3,4], with materials that are similar to those used in the integrated
circuit/microchip industry. Although initially the micro-devices
produced using EDM, LBM or FIBM were primarily related to
biomedicine, and those fabricated using MEMS were sensors and
actuators, recently more complex mechanical devices such as
pumps, motors, micro-rovers, and micro-airplanes are being
developed. The interest in producing miniaturized mechanical
devices opens excitingnewopportunities for combustion, especially
in the field of micro-power generation, because of the need for
power supply devices with high-specific energy (small-size, low
weight, long duration) and power. Nanomanufacturing or ‘bottom-
up’ engineering has also shown promise for power-generation
applications, including the improvement of existing systems such as
electrochemical cells, fuel cell membranes, hydrogen storage and
thermoelectric materials [1,5e9,23]. Although many of these
approaches show great promise, issues related to the scale up of the
technology must be resolved.

Typical portable consumer electronics suffer from short opera-
tion cycles between charges or replacement, and their overall
weight consists largely of battery weight. Similarly, other more
advanced MEMS-based devices depend on battery systems that
occupy significant fractions of both mass and volume of the entire
device. A typical example of this problem is depicted in Fig. 1,
a MEMS sensing/communication network device of a few mm3

volume powered by a small commercial-off-the-shelf (COTS)
battery (hearing aid) [10]. Thin film and other compact battery
systems may help reduce electrochemical cell size, but these
devices are still in development [5]. Miniature mechanical devices
such as micro-rovers, micro-robots, and micro-airplanes are also
limited by the weight of the available power systems. The need to
reduce system weight, increase operational lifetimes, and reduce
unit cost has engendered the field of micro-power generation
[11e13] or high-specific energy power MEMS.

The concept behind this new field is to utilize the high-specific
energy of liquid hydrocarbon fuels in combustion driven micro-
devices to generate power. Liquid hydrocarbons have an extremely
high-specific energy, (typically 45 MJ/kg), are easily transportable
and are quite safe [14]. The potential advantage, in terms of energy
per unit mass, of using liquid hydrocarbon combustion to produce
power is shown graphically in Fig. 2. In terms of energy density per
unit volume, condensed HC fuels contain more energy than nuclear
fuel sources and some solid fuels, which are logistically difficult to
burn at reduced scales with the exception of thrust generating
devices [15]. For these reasons liquid hydrocarbon fuels have been
used to power everything from cigarette lighters to supertankers.
This point was eloquently illustrated more than 25 years ago in the
Bernard Lewis Lecture at the 1974 International Symposium on
Combustion by Weinberg.

“I can put several million Joules safely into my pocket in the
form of a large tin of lighter fuel. The cost of petroleum would
have to rise several hundred times before the price of such a tin
would approximate to that of, for example, electrical storage

Fig. 1. Autonomous bidirectional communication mote with a MEMS optics chip
containing a corner-cube retroreflector on the large die, a CMOS application-specific
integrated circuit (ASIC) for control on the 300 ! 360 micron die, and a hearing aid
battery for power. The total volume is 63 mm3.

D.C. Walther, J. Ahn / Progress in Energy and Combustion Science 37 (2011) 583e610584

Figure 1.1: Communication compo-
nent with a MEMS optics chip and a
hearing aid battery for power [155].

strategies. In each section, a brief summary is given. Finally, overall
recommendations are discussed.

2. Background: emerging energy research drivers

In this section, we provide an overview of drivers for energy
research as pertain to combustion. We classify these to three broad
categories: portable power, distributed energy, and turbines.

2.1. Portable electronics

The recent surge in interest in microscale combustion devices
has been driven in part from the desire of military to replace
batteries in portable electronics of soldiers. Aside from niche areas,
such as soldier-portable devices [3] and micropropulsion [4],
microdevices have a wide appeal in most personal power systems
[1,5,6]. Portable electronic devices include cellular phones, laptops,
personal data assistants, personal transportation, night vision
goggles, GPS, unmanned aerial vehicles (UAVs), etc. Fig. 1 shows the
power requirements for different typical portable electronic
applications. Traditional battery technology often results in power
supply systems that are too heavy, do not last long enough, or both.

The interest in microcombustion-based devices can be attrib-
uted to the high volumetric and gravimetric energy density of
hydrocarbons, which is a couple of orders of magnitude higher than
that of lithium ion batteries, as shown in Table 1. In order to be
commercially viable alternatives to batteries in the 1e100W range,
a more representative comparison should consider the entire
combustion-based power generation system and the weight of the
device and auxiliary units, rather than just the fuel density [5].
Above this power range, “conventional” (macro) scale devices are
already sold commercially (e.g., diesel generators for one to tens of
KW), but more efficient approaches are still being exploited.

Given the nearly hundredfold mass-based greater energy
density of fuels, an improvement over batteries could be achieved if
greater than 1% of the energy stored in chemical bonds could be
converted to electricity. Obviously, this is an optimistic estimate
that accounts only for the difference in energy density. In reality,
the mass of the system, fuel tank, etc. should also be considered.
These weights depend on power scale and necessitate device effi-
ciencies higher than 1% to be of commercial interest. Single use
batteries are often disposed of, resulting in heavy metal and other

toxic substances being released in the environment. Hydrocarbons,
if used properly, only release water and carbon dioxide. Battery
recharging could take hours, whereas hydrocarbon based devices
‘recharge’ quickly by replacing a fuel cartridge.

The need for replacing batteries was stimulated by work at the
Massachusetts Institute of Technology (MIT) Gas Turbine Labora-
tory, whose researchers were amongst the first ones to fabricate
a miniaturized gas turbine generator [7]. The power in these
turbines is six to eight orders of magnitude lower than that of
conventional macroscale turbines, which typically produce
hundreds of megawatts of power. Their work was possible due to
“crossover” of advances in microelectromechanical systems
(MEMS) technology to high temperature materials that were
beyond the original interest or focus of microelectronics. While
their work demonstrated that it is possible to fabricate a working
“infinitesimal thermal machine,” it also highlighted the major
technical challenges before such machines become viable and
widespread. Quoting Epstein and Senturia [7], “The realization of
such an infinitesimal thermal machine requires the development of
three microscale technologies: rotating machinery, combustors, and
high temperature material fabrication.”

2.2. Emerging technological platforms

Energy has recently become a topic of major concernworldwide
in part due to the unprecedentedly high price of crude oil, the high
CO2 levels, and the predicted increasing energy consumption
(Fig. 2). While increases in energy demand within the United States
are projected to be minimal over the next 20 years, growth in the
developing world will push global energy consumption to historic
highs. The increase in consumption is significant because tradi-
tional fossil fuel energy resources are limited in quantity and are
being depleted at an increasing rate. Energy forecasts predict that
global energy demand will increase by approximately 40% over the
next 20 years (Fig. 2), with the majority of this coming from fossil
fuels (which currently make up 85% of total energy consumption).
Renewable sources make up only a small fraction of global
consumption (w7%) and would likely be unable to supply the
required world energy. This large increase in demandwill therefore
inflict strain on the global energy delivery system. This strain can be
eased by developing technologies that (1) produce and utilize
energy more efficiently and (2) utilize unconventional or uncapped
energy resources. Process intensification using microreactors can
make an important contribution to achieving both of these objec-
tives as the next sections describe.

10-3

10-2

10-1

100

101

102

103

104

10-1 100 101 102 103 104 105

kg
 o

f 
N

iC
ad

 B
at

te
ry

 R
eq

ui
re

d 
Pe

r H
ou

r o
f O

pe
ra

tio
n

Power Requirements [W]

Automobile
Motors

Cellular
Phones

Laptop
Computers

Personal
Heaters

PDAs Night Vision
Goggles

UAVs

GPS
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Table 1
Energy densities of different sources. The energy density of combustion-based
sources is based on complete combustion to carbon dioxide and liquid water, at
298 K and 1 atm.

Source Energy density [MJ/kg]

Lead acid batteries 0.0792
Nickel cadmium (NiCad) batteries 0.158
Lithium ion batteries 0.468
Lithium sulfur batteries 0.792
Methanol combustion 22.7
Ethanol combustion 30.5
Heating oil combustion 42.5
Diesel combustion 45.3
Gasoline combustion 45.8
n-Octane combustion 48.2
n-Butane combustion 49.6
Propane combustion 50.3
Methane combustion 55.5
Hydrogen combustion 142

N.S. Kaisare, D.G. Vlachos / Progress in Energy and Combustion Science 38 (2012) 321e359 323

Figure 1.2: Energy densities of various sources, ex-
tracted from [68].

Globally, the number of components hosted in portable devices grows with the improve-
ment of miniaturisation techniques, leading to an increase in energy consumption and the ne-
cessity for adapted power sources. An example of this type of limitation is found in the current
smart-phones. On one hand, smart-phones now carry a computational power comparable to the
computers of last decade, extending the range of utility brought by these devices at the same
occasion. On the other hand, the associated increase in power consumption has led to a consid-
erable decrease in the practical autonomy of such devices, requiring for more regular recharge
than before. Besides, some niche areas such as cellular phones for soldiers can be limited by the
necessity for instantly rechargeable power supplies when in mission. Generally, improvements
of the power source are now required to further reduce the weight while ensuring a sufficient
autonomy of portable devices.

Further, electrical batteries suffer from their low lifetime due to the lost in capacity sub-
sequent to regular reloads and from the use of toxic products, whose recycling is still an en-
vironmental concern. Ongoing research incentives aim at reducing the electrochemical cell
size [126], but a considerable breakthrough would be necessary to compensate the current differ-
ence in specific energy with other technologies. The objective to reduce the powering systems
weight and increase their lifetime pushes the communities to look for other sources. Micro-
and meso-scale combustion are now seen as a potential technology for embedded low power
sources, as reviewed by Ju et al. [63], Kaisare et al. [68] and Walther et al. [153]. Figure 1.2
points out the tremendous difference in energy density of combustion and electrical batteries.
The high energy density of hydrocarbon fuels, which is about 60 times larger than that of most
efficient lithium-ion electrical batteries once considered the burner mass, presently motivates
the development of small- or micro-scale combustion devices.
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1.2.3 Small-scale combustion as a solution and first achievements

The recent improvements of the small-scale fabrication techniques such as EDM, LBM and
IBM, have made possible the conception of complex MEMS, that can be assembled into micro-
scale burners. As for their macro-scale counterparts, various strategies are considered to extract
useful power from the chemical energy released in micro-burners:
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Figure 1.3: 50 watt microturbine from
MIT [38].
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Fig. 4:  Exit temperature and efficiency measurement for
a microcombustor similar to that in Fig. 1, as a
function of equivalence ratio (fuel-to-air).
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Fig. 6:  Micro-bipropellant regenerative rocket engine
concept producing 15 Nt thrust.

Fig. 5:  Micro-gas bearing stability as a function of rotor
eccentricity, ε, and rotor speed, Λ, for a geometry
similar to the journal bearing in Fig. 2.

Figure 1.4: Bipropellant from MIT [38].

Two reviews on micro-scale power generation using combus-
tion were made by Fernandez-Pello [2] and Chigier et al. [6]. The
reviews presented a detailed summary of the opportunities, tech-
nological progresses, and operation issues of micro-power gener-
ators using thermochemical processes such as combustion and
catalytic reaction. The reviews also provided an analysis of chal-
lenges such as liquid fuel injection, fluidewall interaction, fuel-air
mixing, thermal quenching, catalytic combustion, and micro-
fabrication. Since then, a number of important progresses have
been made in achieving micro-scale combustion and propulsion.
Furthermore, significant progresses have been made in funda-
mental studies of micro-scale combustion. Compared to 2003,
today we have a much better fundamental understanding of micro-
scale combustion such as heat recirculation, flame-wall thermal
and kinetic couplings, new flame regimes, fuel/oxidizer mixing,
flame instabilities, and non-equilibrium transport. After one decade
of research and development, the study of micro-scale combustion
is moving into new directions. Therefore, it is an appropriate time
to make a comprehensive review of micro-scale combustion. The
goal of this review is to not so much to describe details of the tests
and designs of micro-power generations systems, but rather to
present an overview of the development of micro-power genera-
tors by focusing more on the advance in fundamental under-
standing of micro-scale combustion, so that the knowledge which
we have learned in micro-scale combustion can be applied in other
new systems involving small scale transport and chemical reaction
to achieve improved energy conversion efficiency and reduced
combustion emissions.

2. Meso and micro-scale combustors

2.1. Micro-thrusters

A micro-combustor has a number of advantages over a conven-
tional thruster to deliver low thrust (w1 mN) and low impulse bit
(w10!5 Ns) for precise attitude and positioning control of micro-
satellites (10e100 kg) [10]. Various micro-fabrication technologies
such as stereolithography [60], low temperature co-fired ceramic
taping (LTCC) [10,61] and silicon based microelectromechanical
system (MEMS) fabrication techniques [20] have been used for the
design of micro-thrusters (Table 4). As the combustor scale
decreases, igniting the propellants and establishing sustainable
combustion become more challenging because of the increased
wall heat and radical losses. In addition, as the flame temperature
increases, increase of materials strength at high temperature and
elevated pressure is another difficult issue. To overcome these
challenges, in last ten years, many kinds of micro-thrusters with

different combustor length scales, materials, propellants, and
ignition methods have been designed and tested successfully
[10,13,20]. In this and the following sections, we focus our discus-
sions on gas-phasemicro-thrusters and power generators (Table 4).
Catalytic reactors and catalytic micro-thrusters [62] will be dis-
cussed in Section 2.3.

The DARPA-funded MEMS Digital Micro-Propulsion “rocket
chip” [13] (Fig. 3) was developed at Caltech in collaboration with
TRW and the Aerospace Corporation. The goal was to demonstrate
and characterize different types of MEMS micro-thrusters, and to
test MEMS micro-thrusters in space for micro-spacecraft. The
micro-thruster array was made by the silicon and glass by using the
MEMSmicro-fabrication technology. Each chip consisted of a three-
layer sandwich of silicon and glass, and was mounted in a standard
24-pin ceramic dual-inline electronics package. The top layer had
nozzles wet etched. In the middle layer, the combustion chamber
was etched on photosensitive glass. The bottom layer was
patterned with polysilicon ignitors with direct inter-connection
circuits (w50 W). A prototype thruster contained 15 individual
thrusters in the central 3 by 5 array. Each chamber has an
approximate volume of 0.5 mm3 and is filled with lead styphnate
(C6H3N3O8Pb) as the solid propellant. Electric resistors were used in
each thruster to initiate combustion of the lead styphnate fuel. Each
thruster cell produced 0.1 milli-Newton-seconds of impulse, 0.1 N
thrust, and about 100 W of mechanical power. A successful subor-
bital test flight of these MEMS devices were also conducted. A
similar type of micro-solid propellant thruster was fabricated by
Honeywell Technology Center [63]. The thruster array consisted of
512 " 512 cells on a 1.3 inch " 1.3 inch silicon die. Each micro-solid
rocket cell with size of 51 mm " 51 mm could work individually or
together. Nitrocellulose mixtures were used as the main propellant.
Each rocket cell was ignited by using lead styphnate and produced
an impulse of 0.5e20 mNs. However, the small size and low

Fig. 3. The TRW/Aerospace/Caltech MEMS Digital Micro-Propulsion "rocket chip” [13].

Table 4
Meso and micro-scale thrusters and power generators using gas-phase combustion.

Micro-thrusters & engines Materials Size/length scale Thrust, Power Propellant Pressure Challenges

Digital rocket chip (Caltech) Silicon 0.5 mm3 0.1 N 100W C6H3N3O8Pb w1atm Large heat loss d/df wO (10)
Bi-propellant (MIT) Silicon 705 mm3 1N, 750 W O2/CH4 12.3 atm Low flame temperature and

small Da ¼ tres/tc
Staged thruster (PU) Quarz 2000 mm3 w500 W Methanol, butene/air 2 atm Strong wall-flame coupling

tc/ts ¼ O (1)
Vortex flow combustor (PSU) Inconel 10e50 mm3 w500 W methane/oxygen 1 atm Small Da ¼ tres/tc
Electrolytic thruster (PSU) ceramic 322 mm3 197 mN HAN 1 atm Cracking, heat loss, d/df w O (10)
Non-premixed combustor (UIUC) Quartz, alumina 0.1e2 mm 10e50 W H2, methane 1 atm Thermal, radical quenching

Da ¼ tres/tc w 1
Micro-gas turbine (MIT, Tohoku) Silicon 60e200 mm3 50W Jet fuel 1 atm Friction, sealing
Rotary engine (UCB) Silicon, Stainless 1e1000 mm3 0.01e30 W Hydrocarbon fuel 1atm Fuel delivery, friction, sealing,

Da ¼ tres/tc w 1
Free-piston engine (Honeywell,

UM, Georgia Tech)
Stainless 1 cm3 w10W heptane, butane,

Jet fuel
1e5 atm Mass loss, sealing, ignition,

tig/tres ¼ O (1)

Y. Ju, K. Maruta / Progress in Energy and Combustion Science 37 (2011) 669e715674

Figure 1.5: Digital Micro-Propulsion ”rocket
chip” [88]. Figure extracted from [63].

Figure 5 shows a cross-section of the experimental 
setup, including the heating block and the evaporator 
dummy. 

Experimental Settings 
The configurations investigated in this paper were 

operated with a thermal power of 50W. This 
corresponds to a methane volume flow of 
approximately 5 l/h. Almost 40W of the generated 
thermal power was directed through the side where the 
evaporator is located. The rest was lost mainly at the 
shell (8W - 9W) or in the exhaust gas flow (2W - 1W). 
To ensure complete combustion and to stabilize the 
process using a large surface to volume ratio, quartz 
wool was located at the entrance of the central 
combustion chamber, which was coated with a catalytic 
active material. The catalytic assisted combustion could 
then be observed visually by the bright glow of the 
quartz wool. In a parametric variation, the length of the 
central combustion zone was varied between 5mm and 
20mm. The system was operated with inverse 
equivalence ratios λ, ranging from 1.0 to 1.5 in steps of 
0.1.    

Results and Discussion 
Complete combustion and a high temperature at the 

evaporator face of the combustion chamber are the most 
important considerations. The Madur GA60 gas 
analyzer delivers information on the O2, CO, SO2, NOx 
and CH4 concentrations in the exhaust gas. O2, CO and 
CH4 concentrations are most relevant when judging 
combustion performance. The exhaust gas composition 
is shown as oxygen-weighted concentrations to compare 
different operation conditions. 

 The evaporator face temperature is also of great 
interest because this face corresponds to the hot side of 
the thermoelectric generator and determines the system 
efficiency.  

Figure 6 and Figure 7 show the impact of the central 
combustion chamber length. The variation is performed 
using a λ=1.2. The central combustion zone is varied in 
5mm steps, starting at 5mm. Figure 6 shows the exhaust 
gas composition. Using a rather short central 
combustion chamber length of 5mm and 10mm, the 
combustion process is incomplete, indicated by the 
residual CH4 concentrations in the exhaust gas. None of 
the other configurations show an elevated CH4 
concentration. This leads to the conclusion that a 15mm 
long central combustion chamber is sufficient for 
complete combustion.  

 

 
Figure 6: 

 Exhaust gas concentration, influence of the  
combustion chamber length 

 

Figure 7:  
Evaporator face temperature, influence of central 

 combustion chamber length 
 
Figure 7 shows the temperature at the interior 

evaporator face. The temperature level is in the range of 
530K to 550K using a central combustion chamber 
length of 15mm to 25mm. For shorter combustion 
chambers of 5 and 10mm the evaporator face 

Figure 5: 
Cross-section of the experimental setup. Embedded  

combustion chamber in a copper heating block 
a) Heating Blocks, b) Temperature Reference Areas, 

 c) Evaporator Dummy, d) Central Combustion Chamber  

 4

Figure 1.6: Experimental set-up of a micro-
combustion chamber for a thermoelectric en-
ergy converter [70].

• The mechanical power can be obtained through mobile parts, actioned by the gas ex-
pansion due to combustion. Several concepts of micro-turbines have been studied at the
university of Leuven [109], the university of Tohoku [55], the french aerospace lab ON-
ERA [51] and the university of Auckland [150]. The first to achieve such a conception
was the MIT, where deep reactive ion etching was used to produce the micro-turbine
delivering 50 W [38] (see figure 1.3). This project was largely compromised by combus-
tion instabilities, exhibiting the difficulties in running a stable combustion at micro-scale.
Other concepts than turbines have also been considered such as a meso-scale stirling en-
gine [36] or a free piston engine [3].



Introduction 23

• Micro-combustion can be adapted to rocket-type propulsion systems. This technology
could be interesting for the propulsion of micro-satellites [19] during orbital control.
This leaves microgravity conditions in a central position in the list of small-scale com-
bustion applications. Among the concepts under study, one can find the MIT micro-
bipropellant regenerative rocket engine displayed in figure 1.4 [38], mono-propellant
micro-rocket [54] or solid fuel concepts [88] (see figure 1.5).

• Thermoelectric converter can be used to transform the heat released into electricity [156].
Work from the university of Darmstadt [70] claims the feasibility of a micro-thermoelectric
energy converter that can compete with state-of-the-art lithium-ion batteries (figure 1.6).

Eventually, micro-combustion should permit to produce power ranging from a few Watt to a
couple of hundreds of Watt, in a volume of the order of magnitude of the current batteries
hosted in modern mobile devices. To advance this new technology, the development at micro-
scale of three techniques is required: the high temperature material manufacturing, the rotat-
ing machinery conception and the mastery of combustion. In micro-combustion, whatever the
strategy employed, the flame sits in a narrow channel leading to a specific interaction between
the flame and the combustion chamber. Currently, research is needed to understand the flame
propagation mechanisms in such small-scale environment and propose ways to handle stable
micro-combustion. The present work is along these lines.

1.3 State of the art

1.3.1 Definitions

The present work addresses the physics of small-scale combustion. The term small-scale stands
in opposition to traditional bigger combustion system, such as the ones found in the automotive
or the aviation sectors, referred to as macro-scale combustion. Macro-combustion is beyond the
scope of the present work. Small-scale combustion is commonly divided in two ranges, micro-
and meso-scale combustion. To delineate between these two ranges, various criteria exist and
are based on [63]:

• The absolute burner dimensions. It is commonly mentioned as micro-combustors, burn-
ers with a characteristic length between 1 µm and 1 mm and as meso-combustors, burners
of characteristic length from 1 mm to 1 cm [40]. Beyond 1 cm is the category of macro-
combustors. Figure 1.7 gives some examples of representative powering systems while
associating the scale category and power generated. Note that, as previously mentioned,
micro-combustion is an appealing powering system for microgravity satellite applica-
tions.

• The flammability range. Following this definition, micro-combustion is the combustion
occurring below the quenching diameter [28]. The quenching diameter is the burner
dimension below which, in the absence of external energy supply, combustion cannot



Introduction 24

P(W)

0.1mm 1mm 1cm 1dm
MICRO MESO MACRO

101

102

103

104

105

Syracuse University Combustion and Energy Research (COMER)
laboratory is developing a DFFC, operated in a no-chamber mode
that can be directly placed into “the burn box” and converts “un-
burned” gas from the solid waste into the electrical energy [198]
(Fig. 35). By developing an anode-supported DFFC (Fig. 36) with
a thin electrolyte layer, it was able not only to minimize thermal
shock issue but also to improve the fuel cell performance, since the
thin dense layer or porous material has a better thermal shock
resistance due to the decrease of the elastic modulus of thematerial
[199,200]. In addition, to protect the anode from coking, the anode
surface was further screen-printed with the catalyst. This catalyst
layer can obviously improve the fuel cell performance as well.
Consequently, the highest power density achieved thus far was
approximately 600 mW/cm2 using a propane flame, which is
a comparable performance to the conventional DC-SOFC.

If this device is integrated with the incineration/steam-gas
turbine engine system, its overall systemefficiencyof converting the
waste into the electrical energy can be significantly enhanced.
Alternatively, this device also canbe easily placed into the three-way
converter or exhaust pipes of furnaces, vehicles, or even airplanes to
remove the partially combusted gas away from the exhausted
streamwhile generating theuseful electrical energy. Bydoing so, the
overall fuel efficiency of those systems can be improved. Further-
more, due to the simple design and operating configuration of DFFC
(no need for external thermal management, rapid start-up, no-
chamber and sealant need for electrode separation and fuel flexi-
bility), there is a great opportunity to develop the portable DFFC
power-generation system. When an electrical energy is needed to
operate portable devices, any combustible materials around can be
simply fed into the DFFC system. As a result, there are a number of
issues and unansweredquestions that need to be addressed in order
to determine whether DFFC would be commercially viable for
various thermochemical energy conversion systems.

5. Concluding remarks

The field of micro-power generation is basically in a feasibility
stage, and although significant progress has been made in the last
few years with several important demonstrations, there are still
a number of technological problems that must be resolved before
the field establishes itself. The approach followed to date has been
that of miniaturizing currently used large-scale devices, which
introduces many problems related to fluid flow in micro-channels,
heat and mass transport in the micro-scale, combustion in small
volumes, design, fabrication and diagnostics. The solution of these
problems requires fundamental and applied research as well as
manufacturing development that precedes the development of the
micro-devices themselves. The research needs unique to the
development of combustion systems at the small scale include:
mixing and pumping in low Reynolds number flows, simulation of
distributed reactions, low temperature chemical kinetic modeling,

Fig. 34. SC-SOFC with Swiss roll combustor/heat exchanger. The unreacted mixture is then catalytically combusted at the center of the Swiss roll that could be placed between two
thermoelectric generators for additional electrical power [P. Ronney, CPL, USC and J. Ahn, COMER, Syracuse University].

Fig. 35. A DFFC over an ethanol flame. It generates w300 mW/cm2 and runs a small
motor [J. Ahn, COMER, Syracuse University].

Fig. 36. SEM picture of cross-section of anode-supported DFFC [J. Ahn, COMER, Syr-
acuse University].
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Figure 1.7: Classical definition of combustion type with respect to the burner characteristic
dimension following the criterion from Fernandez-Pello [40] and corresponding application
examples.

occur. This definition requires to know the quenching diameter which depends on a lot
of parameters such as the fuel composition, the equivalence ratio, the initial temperature,
the pressure and the heat loss undergone by the system among others. The multiplicity
of the parameters influencing the quenching makes it sensible to the configuration and
hard to evaluate a priori. The difficulty in the quenching diameter evaluation makes this
definition more sensitive to use, even though its physical basis is appealing.

• The global system qualification that the energy source is powering. For example the
power source propelling a micro-rover (called this way in opposition to the conventional
large scale models) will be called micro-propeller even though its characteristic length
may not respect one of the two previous definitions [160].

1.3.2 Micro-combustion specificities

1.3.2.1 Thermal quenching

In micro-burners, flammability limits, quenching distance and flame propagation speed are con-
trolled by phenomena which differ from that of large-scale devices. The early highlights of
Davy [28] showed the presence of extinction and flammability limits when flames propagate in
narrow environments. This discovery resulted in the conception of the first safety lamp (named
after him [157]) used in the mines to prevent for gas blast. This foundation stone was later
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supported by experimental investigation by Andrews et al. [4] and Jarosinski [59] on flame
quenching in small channels. Indeed, continuum theory, which still applies at this scales, pre-
dicts that below a critical distance, heat loss to the wall overtakes the heat generation from the
chemical reaction leading to thermal quenching [87]. A simple thermal model can be considered
to evaluate the heat loss to heat generated ratio. Assuming that the heat loss are directly propor-
tional to the exchange surface and that the heat generated evolves with the volume occupied by
the flame, the heat loss (Qloss) to heat generated (Qgen) ratio should evolve as

Qloss

Qgen
∝ S

V
∝ `2

c

`3
c
∝ 1

`c
, (1.1)

In this small-scale problem the invasive presence of the wall, because of the high surface to
volume ratio, leads thus to an enhanced heat loss to heat production ratio when compared to
its macro-scale counterpart. Furthermore, the reduction of the burning volume available for
the flame forces this last to evolve in the wall vicinity, leading to an increase of the thermal
gradients at this last and to enhanced thermal transfer.

1.3.2.2 Radical quenching

Reactions Pre-Exponential (s−1) or Sticking Coefficient
CH3 + a→ CH3

a 0-1
H + a→ Ha 0-1
OH + a→ OHa 0-1
O + a→ Oa 0-1
2CH3

a→ C2H6 + 2a 1013

2Ha→ H2 + 2a 1013

2OHa→ H2O + Oa +a 1013

2Oa→ O2 + 2a 1013

CH3
a + Ha→ CH4 + 2a 1013

OHa + Ha→ H2O + 2a 1013

Table 1.1: Examples of radical recombination reactions on surfaces. Xa Denotes a surface
adsorbed species and a a vacant surface site. Table extracted from [121].

It is well known that most material are not inert, in the sense that surface reactions oc-
cur at their interface with gas or liquid. In the case of close wall combustion these reactions
lead to radical adsorption, desorption and recombination, and can weaken the flame down to
extinction. This is called radical quenching. This phenomenon has been very few studied at
macro-scale as the flame is mostly far from the wall and the surface to volume ratio is low. But
in small-scale configurations, the increase of the surface to volume ratio reinforces the role of
surface reactions both by increasing the wall temperature and by forcing a closer cohabitation
between the wall and the flame. Table 1.1 gives an example of reactions typical of this process
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for methane/air combustion. As explained by Raimondeau et al. [121], the sticking coefficients
of the Langmuir-Hinshelwood mechanisms describes the probability of a colliding molecule to
stick to the surface and the probability of a radical to meet an empty active wall site. When
this coefficient tends to zero the wall is inert while the fastest possible removal rate of radicals
corresponds to a coefficient of one. As it will be discussed in § 1.3.3.2 the modelling and under-

final surface preparation technique, the machined faces of the
slides were juxtaposed and sealed along the edge with an
alumina-based adhesive and mounted in a gas feed manifold
made of alumina. For the premixed burner design (design I), a
device to promote mixing of the fuel and oxidant was added in
the manifold. For the diffusion flame burners, the manifold
supplies gases to either inlet of the mixing channel, and has
dimensions of 38 ! 16 ! 24 mm (length ! width ! height).
The cavity into which the burner is mounted has dimensions of
13 ! 5 ! 16 mm (length ! width ! depth). The bottom 13
mm of the burners typically sits in the manifold. The micro-
burner and manifold assemblies were then insulated in a layer
of fibrous alumina insulation and heated to 1000°C for 12 h by
resistive heating while oxygen is fed to the reaction chamber.
This final step acts to further passivate the microcombustor’s
surface, thus reducing the potential for heterogeneous combus-
tion reactions. SEM imaging verified the surface smoothing
and grain boundary reducing effect of the high-temperature
anneal.

In the laminar premixed flame burner (design I), the methane
and oxygen are fed into a manifold where they are mixed
before entering the submillimeter combustion channel. In the
laminar diffusion flame burners (designs II and III), methane is
fed into one leg of the microburner and oxygen is fed to the
other. The mass flow controllers are 500 sccm (cm3 at STP/
min) for CH4 and 1000 sccm for O2 M100B models from MKS
Instruments (Wilmington, DE). The listed accuracy of these
instruments is "1% of full range. The methane and oxygen
react in the long sections of each burner. Products and unre-
acted supply gases are exhausted out of the top of the burner.
Any unconsumed methane will mix with atmospheric air and
may form a cone-shaped diffusion flame over the methane inlet
side of the burner top. For burner design II, in all cases except
one, this flame may be extinguished by gently blowing over the
top of the burner, leaving the flame structure inside the burner
unaltered. The exception is when a laminar diffusion flame is
present in the channel, a structure that is found to occur in near
limit conditions. In these cases blowing out the external burner
top flame in turn extinguishes the internal diffusion flame,

leaving a single flame cell near the inlet. For burner design III,
no significant flame cone was present. Estimates of the Reyn-
olds (Re) number based on the small gap dimension (0.75 mm)
and typical injection rates are Re # 35–80 (cold flow condi-
tions). The approximate Lewis (Le) numbers of methane and
oxygen at 1000°C is 1.0. Type R thermocouples were attached
to the outside surfaces of the burners with an alumina-based
adhesive to monitor burner temperatures.

All luminosity images (see Figure 6 below) were taken with
a Canon Powershot G1 camera and an IR cut filter lens. The
camera was positioned over the top of the burner and angled to
one side to view the flame cells that appear down the length of
the burner. In all the flame luminosity images shown below, the
base flame cell (that is, the flame cell closest to the burner inlet)
is at the bottom of the images.

No preheating was necessary to achieve combustion in the
burners. For all burner experiments, ignition was achieved by
lighting the exhaust of the room temperature burner and letting
the burner warm up.

Results
Quenching tests

Figure 4 shows the quench lengths measured for the low
surface temperature (near 500 K) experiments. The data points
show some scatter because they represent the quenching dis-
tances measured over the temperature range of 300 to 500 K
and the quenching distance is temperature dependent. Notice
that the quench lengths were relatively independent of wall
composition, as one would expect if thermal quenching dom-
inates. The data show an average quench length of 2.5 mm
compared to 2.5 mm calculated by averaging the values in the
work of Kondo et al. (1992), Fukuda et al. (1981), Ono and
Wakuri (1977), and Maekawa et al. (1975).

Figure 5 shows results from the high surface temperature
tests, where walls were externally heated so that the inside wall
temperature of the slot started at 1000°C (temperatures were
measured when the walls were 3 mm apart). In this case there

Figure 4. Quench lengths measured for a series of wall
materials measured with outside wall temper-
atures near 300 K and inside wall temperatures
below 500 K.

Figure 5. Quench lengths measured for a series of wall
materials as a function of methane:oxygen ra-
tio when the walls were insulated to give inside
wall temperatures near 1000°C.

AIChE Journal 3209December 2004 Vol. 50, No. 12

Figure 1.8: Quenching distances measured
for a series of wall materials as a function of
methane/oxygen ratio when the walls were
insulated to give inside wall temperatures
near 1300K. SS: stainless stell. Figure
extracted from [100].

906 NEW CONCEPTS IN COMBUSTION TECHNOLOGY—Micro-Power Generation

TABLE 1
Radical quenching mechanism along with kinetic

parameters

Reactions

Pre-Exponential
(s!1) or

Sticking Coefficient

1. CH3 " * r CH*3 0 ! 1
2. H " * r H* 0 ! 1
3. OH " * r OH* 0 ! 1
4. O " * r O* 0 ! 1
5. r C2H6 " 2*2CH*3 1013

6. 2H* r H2 " 2* 1013

7. 2OH* r H2O " O* " * 1013

8. 2O* r O2 " 2* 1013

9. " H* r CH4 "2*CH*3 1013

10. OH* " H* r H2O "2* 1013

Fig. 6. Mole fraction of (a) methane and (b) dimension-
less temperature along the length of the reactor for
quenchless walls (solid lines) and quenching material
(dashed lines). The parameters are as in Fig. 2a. Tempera-
ture discontinuity is not taken into account in these simu-
lations. Radical quenching cannot be neglected at these
small scales.

Fig. 7. Inlet dimensionless temperature at the extinction
limit versus overall heat transfer coefficient for three radii
and quenching affinities indicated. The other parameters
are as in Fig. 2a. For R # 1 mm, the s # 10!3 results (not
visible) are practically the same as those for s # 0. For
R # 10 mm, neither radical quenching nor thermal
quenching play any role. For combustion in microchannels,
more insulation and relatively quenchless materials are re-
quired.

To model radical quenching, a chemically reactive
surface is modeled, as outlined in the modeling sec-
tion. That is, the important radicals for ignition and
extinction are quenched out by adsorbing them on
the surface and allowing them to recombine to form
stable gas-phase species that desorb into the fluid
phase. Table 1 shows the heterogeneous (surface)
reactions we consider in simulating radical quench-
ing along with the corresponding kinetic parameters.
Previous work [17] has shown through sensitivity
analysis that the radicals depicted in Table 1 are the

most important for flame ignition and extinction.
The sticking coefficients of the adsorption steps are
varied from zero to one to simulate walls having dif-
ferent radical quenching affinity. All surface reaction
and desorption steps are taken as non-activated. This
situation corresponds to the fastest possible rate of
radical quenching.

Figure 6a shows the mole fraction of methane for
a quenchless wall (solid line) and for a fast radical
quenching wall (dashed line) for a 100 lm radius
microreactor. Fig. 6b shows the corresponding wall
temperature. Fig. 6 shows that radical quenching
can result in a lack of flame propagation. We have
found that the rate of heat released by radical re-
combination at the wall is insufficient to compensate
for the rate of heat loss through the wall. Therefore,
the kinetic mechanism clearly dominates over the
thermal one.

Microburner Design

Our simulations indicate that both the initial heat
loss and wall radical quenching are key interfacial
phenomena for understanding flame propagation in
microchannels. To summarize such issues, Fig. 7
shows the dimensionless inlet temperature versus
the overall heat transfer coefficient for three radii
and various sticking coefficients indicated, illustrat-
ing the important competition between heat loss,

Figure 1.9: Stability map of premixed
methane/air mixtures in terms of preheat tem-
perature vs. coefficient of heat loss for flame
propagation in a cylindrical tube. The tube
radius R and the sticking coefficient, s, of key
radicals are indicated in panel. The region un-
der each curve indicates no propagation; con-
versely, the region above each curve indicates
that the flame propagates. Figure extracted
from [121].

standing of surface reactions still needs to be fuelled by the community research. Generally, the
thermal quenching mechanism is considered to be dominant in front of the radical quenching.
Nevertheless, the influence ratio between these two phenomena is shown to be sensible to three
main parameters:

• The wall material. Dealing with an active surface, the recombination of H radicals at the
wall surface induces sharper consumption of radical compared to an inert wall. Kaisare
et al. [68] indicate that surface reactions, depending on the wall material, can lead to
enhanced radical quenching. Indeed, experiments from Miesse et al. [100] show that
even when the walls are insulated, the quenching distance varies considerably with wall
material (see figure 1.8). This study shows that materials with very stable properties
in front a thermal stress, such as cordierite, exhibit far lower quenching distance than
materials well known to be receptive to adsorption phenomena such as stainless steel.
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• The burner dimension. Raimondeau et al. [121] performed an analytical study, varying
the burner dimension. They used a boundary layer approximation of the governing equa-
tion and a simple radical recombination mechanism, on their cylindrical configuration.
As increasing the inlet temperature favours the flame stability, they found the minimum
inlet temperature necessary to stabilise the flame while varying the tube radius for given
heat loss coefficient and sticking coefficient of key radicals (see figure 1.9). The work
investigated three characteristic burner scales. First, with a radius of 1 cm, both the heat
loss coefficient and the sticking coefficient of key radicals have no influence on the flame
stability since the flame is far from the wall. Second, when decreasing the radius to
1 mm and reaching the micro-scale, the heat loss have a strong effect while the chemi-
cal quenching plays a secondary role. Indeed the sticking coefficient influences weakly
the flame stability compared to the heat loss coefficient. Finally, the role played by the
radical quenching further increases with the radius reduction, up to a domination of this
mechanism in front of the thermal quenching under the micro-scale (radius of 0.1 mm).

• The wall temperature. Xie et al. [158] investigated numerically the influence of radical
quenching in a 1 mm high 2D channel and found that, as the temperature increases, the
radical removal in the vicinity of the wall becomes more effective. In this case, surface
reactions were shown to modify the temperature distribution at the wall. Measurements
by Kim et al. [75] indicated that the quenching distances are independent of the surface
characteristics such as oxygen vacancy, grain boundary, or impurities at low tempera-
tures. At high temperatures, however, the surface characteristics were shown to strongly
affect the quenching distance, implying that radical removal at the wall plays a significant
role in the quenching process. For lower temperature, H radicals recombine in the gas
phase, their concentration being reduced close to the wall, thermal quenching becomes
the dominant flame inhibitor [66].

In conclusion, the radical quenching can become a dominant phenomenon on flame extinction
if the burner dimension is bellow the millimetre-scale, the walls are hot and their surface is not
inert.

1.3.2.3 Diffusion dominated flows

The pioneering work of Karlovitz et al. [71] showed the importance of the sheared flow/flame
interactions on combustion. This is especially true in the case of small-scale burners where the
flame is placed exclusively within boundary layers [78]. The sheared flows in these highly con-
fined configurations are very sensitive to density variations, making the thermal expansion an
additional key ingredient of the problem [134]. In opposition to their macro-scale counterparts,
the micro-scale burners promote the viscous and diffusive effects in front of the convective
ones, since exhibiting low Reynolds (Re= uc`c/ν) and Peclet (Pe= uc`c/α) numbers, where uc

is the characteristic flow velocity, ν the kinematic viscosity and α the thermal diffusivity. This
leads generally to laminar flow conditions. As the characteristic length diminishes, the diffusive
effects can control the flow, as the characteristic diffusion time τdiff (expressed here for unity
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Prandtl and Lewis numbers) is lower than the residence time linked to convective effects τconv,

τdiff =
`2

c

α
< τconv =

`c

uc
. (1.2)

Fernandez-Pello [40] pointed out that in non-premixed combustion situations, as the turbulent
mixing is absent, the mixing time will be controlled by the diffusive effects. Besides, when the
viscous effects and the surface to volume increase, the frictional loss will require more pumping.
Nevertheless, Fernandez-Pello [40] specifies that this rise in viscous force could have a positive
impact on technical issues such as the leakage of gases through joints or through moving sur-
faces, usually being a limitation of internal combustion engines efficiency. When considering
micro-scale burners, the residence time of the fuel depends on the characteristic length in the
propagation direction. If the combustion chamber is to short, the convective residence time can
get smaller than the chemical time τchem, leading to low Damköhler number (Da= τc/τchem).
The reduction of the Damköhler number should be considered as it may lead to incomplete
combustion and impact both efficiency and pollutant emissions.

1.3.3 Micro-combustion modelling background

In this subsection, common strategies and assumptions made while modelling small-scale com-
bustion, are gathered. As the parameters controlling the modelling are numerous, works issued
by the community are analysed to point out the aspect requiring further study. This review is a
key point in the construction of the modelling strategy used in this Ph. D. thesis work.

1.3.3.1 Heat loss modelling

The governing role of the wall on small-scale combustion requires to account for the flame/wall
interactions (see § 1.3.2.1). Following the low order analysis by Ronney [123], the extinction
limits captured are very sensible to the wall modelling. In micro-scale combustion, most of
the heat transfer is driven by the conduction within the wall. Boehman [12] points out that the
heat transfer through conduction in the fresh gases along with the radiative transfer play a much
lower role. Several studies attended to account for the heat loss [44, 64, 66, 85, 89, 96, 151].
In some 1D simulations [44] and theoretical work [64, 96], models account for interface heat
transfer via the Newton’s law of cooling based on a Nusselt number (Nu= h`c/λ),

Q̇w =
λNu
rw

(T − Tw) . (1.3)

This Nusselt number is fixed following an analytical solution of fully developed flow. A value
of Nu=4 is typically assumed in a channel. As pointed out by Gauthier et al. [44], this assump-
tion permits to recover global flame dynamics trends [96, 101, 147]. Yet, studies by Norton
et al. [107] and Veeraragavan et al. [151], who performed an analysis of the Nusselt number,
showed that this last varies along the channel axis, especially at the flame location (see fig-
ure 1.10). This approximation should thus be avoided to produce quantitative results.
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Besides, the heat exchange between the external wall surface and the ambient is often ne-
glected, as in the work of Kurdyumov et al. [85], where the wall is modelled by assuming that
the external surface of the wall is maintained at the temperature of the fresh mixture. Simul-
taneously, the temperature evolution across the wall is taken linear by supposing that the wall
thickness is very small compared to the channel height. Hypothesis which might not be always
valid in such a configuration.

D.G. Norton, D.G. Vlachos / Combustion and Flame 138 (2004) 97–107 105

increased heat losses prohibit low flow rates (lower
curve). This relationship is important when designing
devices. When a low-power device is desired, more
insulating materials should be preferred. On the other
hand, when a high-power device is desired, more con-
ductive materials should be chosen. Our focus here
has been on thermal stability. However, other material
properties, such as allowable operating temperatures,
radical sticking, and mechanical strength, along with
the microburner efficiency (complete conversion is
found here for stoichiometric mixtures using the one-
step chemistry) should be considered when choosing
a material for construction and designing microburner
dimensions.
The ability of a burner to operate under lean con-

ditions is beneficial, as it may reduce unwanted prod-
ucts such as coke, carbon monoxide, and nitric oxide.
It also reduces the operating temperature, which in
turn can increase burner lifetime. Fig. 10 shows the
lean equivalence ratio operation limit for the burner
as a function of Reynolds (Re) number calculated
based on the inlet conditions and the gap distance
half-height. There are two regimes of low (< 12) and
high (> 12) Re. For low Re, stability is lost with de-
creasing Re because of the diminished heat generation
rate. On the other hand, for high Re, blowout happens
because of decreased convective time scales. At the
transition between these two regimes, there appears
to be a deep minimum in the fuel-lean operation limit
and possibly a turning point over a narrow regime
of Re. Arc-length continuation is however needed to
fully characterize this situation.
Experimental work by Ahn et al. using a Swiss roll

burner with gap width 3.5 mm showed an optimum
Re at a relatively shallow minimum equivalence ra-
tio [20]. However, this optimum Re is ∼ 1000, two

Fig. 10. Minimum allowable equivalence ratio vs Reynolds
number. The Reynolds number was calculated using the ve-
locity, density, and kinematic viscosity at the inlet and the
gap half-width. The parameters are L = 600 µm, Lw =
200 µm, h = 10 (W/m2)/K, and kw = 3 (W/m)/K.

orders of magnitude higher than the one calculated in
this work. Furthermore, the experimental minimum
equivalence ratio is approximately 0.2, compared to
the ∼ 0.56 found in this work. The differences be-
tween the experimental and our computational results
may lie in the enhanced preheating and insulation that
are achieved with the Swiss roll design and the gap
distance, which is considerably larger in the experi-
ments. More work is needed to fully understand these
differences.

7. Nusselt number analysis

To better understand how these microscale sys-
tems relate to their better-understood macroscale
counterparts, a Nusselt number (Nu) analysis was
performed. The Nu or dimensionless heat transfer co-
efficient is calculated as

(3)Nu= hL

kf,cm
=

(kf
∂Tf
dy )|wallL

(Tw − Tf,cm)kf,cm

and is evaluated at a given axial displacement. Here
Tf is the fluid temperature, Tf,cm is the cup mixing
fluid temperature, Tw is the wall temperature at the
wall–fluid interface, and kf,cm is the fluid cup mixing
thermal conductivity.
Fig. 11 shows Nu versus axial displacement for

two different cases, one with a flame stabilized near
the entrance and another at a higher velocity near
blowout. Nu exhibits strongly nonmonotonic behavior
with an oscillation at the reaction zone that finger-
prints the heat source, namely walls upstream trans-
ferring heat to the cold incoming gases and combus-
tion chemistry downstream of the entrance heating the
walls. In both examples, Nu approaches ∼ 4, which is

Fig. 11. Nusselt number vs axial displacement (see text) for
two inlet flow velocities indicated. The Nusselt number is a
strongly nonmonotonic function of position. The parameters
are L = 600 µm, Lw = 200 µm, h = 10 (W/m2)/K, kw =
1 (W/m)/K, and a stoichiometric feed.

Figure 1.10: Nusselt number vs axial dis-
placement for two inlet flow velocities indi-
cated. The Nusselt number strongly varies
at the flame position. Figure extracted
from [107].

2011), allow relatively high temperature conditions to be sustained
at the walls containing the combustion area.

However, the premixed flame propagation in such ducts may
exhibit different combustion modes, which can make any micro-
combustor's design strenuous. Sustaining steady inlet conditions,
some studies reported steady mild -or flameless- combustion
(Maruta et al., 2005; Pizza et al., 2008), non-axisymmetric flames
in circular ducts (Kurdyumov and Fernández-Tarrazo, 2002;
Kurdyumov et al., 2007; Tsai, 2008), asymmetric flames in planar
channels (Pizza et al., 2008; Dogwiler et al., 1998), and tulip flames
(Dunn-Rankin et al., 1988; Bychkov et al., 2007). Unsteady beha-
viors also revealed, such as periodic flame repetitive ignition/
extinction (FREI) (Maruta et al., 2005; Richecoeur and Kyritsis,
2005; Jackson et al., 2007), oscillating flames (Maruta et al., 2005;
Pizza et al., 2008; Kurdyumov et al., 2008) and spinning flames
(Kwon et al., 1996; Xu and Ju, 2007). Therefore, the industrial
development of reliable microcombustors requires fundamental
understandings of premixed flame propagation at small scales.

Within the context of fundamental works on combustion at
small scales, the studies of reactive flows in a straight heated
channel with an inner diameter smaller than the ordinary quench-
ing diameter at ambient conditions were shown to provide mean-
ingful contributions (Maruta et al., 2005; Richecoeur and Kyritsis,
2005; Fan et al., 2009; Pizza et al., 2010). Provided that a
temperature gradient at the channel's wall can be controlled, such
a configuration lately gave significant insights into both the
ignition and combustion characteristics of alternative fuels
(Yamamoto et al., 2011) and the physico-chemical processes that
govern the repetitive ignition/extinction regime (Nakamura et al.,
2012). Thus, strategies combining flow, thermal and chemical
managements are required to establish stable combustion in micro
and mesoscale devices. Recent numerical analysis has been carried
out in rectangular geometry with a step temperature at the walls.
A thermo-diffusive model was shown to reproduce qualitatively
the FREI instability (Kurdyumov et al., 2009; Minaev et al., 2007).
Further insights have been obtained through three dimensional
simulations incorporating complex chemistry (Pizza et al., 2010).
Nevertheless, the main physical mechanisms underlying instabil-
ities are not fully understood. A relevant example is shown in this
work where similar unstable combustion regimes (FREI like) may
appear in different range of parameters (e.g. flow rate, size of
combustor), triggered by very different mechanisms. The com-
bined role played by chemistry and hydrodynamics especially
remains controversial. For instance, in a recent work (Nakamura
et al., 2012), Nakamura et al. claim that the gas phase chemical
kinetics can play a significant role into the occurrence of the peak
heat release bifurcation that leads to the FREI phenomenon as
reproduced by a one dimensional model. Moreover, while
reduced-order modeling of reactive flows in micro-channels
enables decent simulations of some regimes constituting flame
dynamics (Maruta et al., 2005; Tsuboi et al., 2009; Nakamura et al.,
2012), limitations of reduced models, especially one-dimensional
ones, are to be assessed. Indeed, further questioning the scope of
such low-dimensional models is required when developing pre-
dictive tools aiming at the control of micro-combustors.

Hence, the present study intends to clarify the physical picture
with a quantitative analysis of a cylindrical micro-tube, with the
same geometry and temperature profile of the experimental set-
up. To this end, an unsteady two-dimensional model incorporating
a one-step chemical kinetics is here introduced. It is worth
emphasizing that, since the purpose is to unfold the main physics
behind the observed phenomena, rather than to build up a
realistic engineering tool, it appears fruitful to limit the complexity
of the model. This approach especially allows the evaluation of the
relative importance of the mechanisms that more sophisticated
models usually blur. The paper is organized as follows. In Section 2

the theoretical and numerical approaches are discussed, while the
details of the numerical algorithm are given in Appendix. In
Section 3, the calibration procedure is explained and all the
physical parameters are discussed. In Section 4, the phenomenol-
ogy is briefly recalled with the main emphasis on the new
quantitative predictions obtained. The main results are presented
in Section 5, where both 1-D and 2-D are investigated through an
exhaustive parametric analysis. Finally conclusion are drawn.

2. Theoretical models and numerical resolution

2.1. Configuration and limitations

We consider a microchannel whose diameter is d, as shown on
the schematic in Fig. 1. The coordinate along the channel's axis is z
and the distance from this axis is r.

Within the range of parameters investigated, the flow is
laminar and steady. At the upstream boundary of the domain,
the flow is composed of methane and air in stoichiometric
proportions. The flow then experiences an increase of the wall
temperature Tw along the streamwise coordinate z, therefore can
possibly ignite. This configuration matches as much as possible the
experimental setup described by Tsuboi et al. (2009).

To set a low-dimensional model for this configuration, the
following assumptions are stated:

(hyp.1) the Mach number of the flow is low;
(hyp.2) the radial component ur of the flow velocity is zero while

the axial velocity uzðr; zÞ is two-dimensional and axially
symmetric;

(hyp.3) Lewis number is unity;
(hyp.4) Fick's law governs the diffusion velocities;
(hyp.5) the thermophysical properties, i.e. mass diffusion coeffi-

cient D, viscosity η, and the specific heat Cp, are species
and temperature independent constants;

(hyp.6) gas expansion, due to temperature changes, is neglected.
Hence, the density of the mixture ρ, is constant;

(hyp.7) the chemical kinetics is restricted to a single reaction
including CH4, O2, CO2, and H2O.

The range of mean axial velocity U0 investigated, i.e. 0oU0r
100 cm=s, clearly allows assumption (hyp.1) to be stated.

Fig. 1. Schematic of the geometrical configuration investigated. The evolution
along the channel's axis of the temperature Tw(z) imposed at the wall is shown at
the top.

F. Bianco et al. / Chemical Engineering Science 122 (2015) 533–544534

Figure 1.11: Schematic of the configuration
investigated. The evolution along the chan-
nel’s axis of the temperature Tw(z) imposed at
the wall is shown at the top. Figure extracted
from [7].

In addition, experimental [147] and numerical [7] studies avoid the coupling between the
flame and the solid by imposing a temperature profile in the solid (figure 1.11). Fixed tem-
perature studies provide useful informations on transient instabilities. Still, the often-used hy-
perbolic tangent temperature profile might not be representative of a realistic burner. In this
case, the channel temperature does not correspond to any preheating by the flame and forces
enhanced heat losses when approaching the channel inlet (low temperature imposed). Similarly,
if the inlet velocity is high and pushes the flame further downstream the transition to high wall
temperature, the reactants will be preheated although in practice the walls would have no reason
to be hot at this location. Finally, in the literature, few studies were found to model the conduc-
tion in the solid by solving therein the conservation of energy and to model heat loss from the
wall exterior surface to the surrounding environment [43, 66, 89, 106]. This realistic modelling
requires more focus and a specific attention will be brought to this point in the following.

1.3.3.2 Surface reactions modelling

In § 1.3.2.2 the role of surface reactions was discussed. This phenomenon is the subject of very
few studies in combustion, as usually the surface-to-volume ratio allows for neglecting it. How-
ever, the radical quenching can become an essential flame inhibitor when passing from meso to
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micro-scale combustion, while exhibiting non-inert materials and high wall temperatures. The
modelling of this phenomenon is very complex and not well understood yet. In their study,
Bai et al. [6] investigated the radical wall quenching with a single surface reaction modelling
in a quasi-one-dimensional theoretical model. They concluded that the influence of the radical
quenching increases with the wall temperature, as observed by Ju et al. [66]. Nevertheless,
in this low-order model, the radical to heat loss quenching coefficients ratio was setted not to
vary with the channel diameter, in opposition to the conclusions of Raimondeau et al. [121],
exhibiting the difficulty in finding a simple modelling strategy.

Substantial efforts on chemistry modelling both in the flow and at the surface have been
offered by Raimondeau et al. [121]. In particular the use a complex surface mechanism for
methane/air flames radical quenching, which was displayed in table 1.1. They notably showed
that, in their configuration, the wall effect of radical quenching is significant due to the fast
mass transfer between the walls and the bulk flow. Comparing their results to experimental
data involving a quartz wall, Kizaki et al. [79] considered the same surface kinetic mechanism
and found that, for a unity sticking coefficient, no-modelling of the radical quenching exhibited
results closer from experiment than using the aforementioned mechanism. This was noted e.g.
for the CO concentration of the exhaust gas, in fuel-rich configuration. They concluded that
the model in table 1.1 overestimates the effect of radical quenching in this case. They reduced
the sticking coefficient and found that the CO concentration the closet to the experiments was
obtained for 5 · 10−4. Finally, they stated that the quenching mechanism is negligible at atmo-
spheric pressure but activates when decreasing the operating pressure. The lack of quantitative
experimental/numerical comparison limits the confidence that one can place in the modelling
strategies employed so far. Besides, conclusion drawn on the effect of surface reactions were
shown to vary. It was also evoked when discussing figure 1.8 that experiments show a great
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Fig. 6. Quenching distances of both reactive and inert plates
at wall temperature of 827 ◦C.

This implies that the flame quenching was governed
by heterogeneous reaction on the surface. The effect
of heat loss to the plate surface was significantly re-
duced as the temperature difference between the reac-
tion zone and the plate surface decreased. The surface
of the reactive STS304 plate went through partial ox-
idation and growth of carbon-based structures during
the experiment but its effect on the heterogeneous re-
action appeared minor. The difference in quenching
distances of reactive and inert plates of quartz was
small for plate temperatures of 827 ◦C. This is due to
the transition of quenching mode from the heteroge-
neous chemical reaction to the homogeneous chemi-
cal reaction regime.

3.4. Quenching modes: Thermal, heterogeneous,
and homogeneous regimes

Quenching distances measured with inert plates
of STS304 are plotted in Fig. 7 for plate temper-
atures ranging from 100 to 800 ◦C. Three different
regimes can be identified from examination of these
graphs. In regime A, quenching distance decreases
with the plate surface temperature as the temperature
difference between the reaction zone and the plate de-
creases. In regime B, however, quenching distances
increase with the plate surface temperatures when the
surface temperature exceeds TAB. This reversed be-
havior of quenching distance is caused by heteroge-
neous chemical reaction at the surface. As the surface
temperature is elevated, the removal of reactive rad-
icals from the reaction zone is enhanced. The radi-
cal quenching slows down the rate of chain branch-
ing and ultimately extinguishes the flame. Lastly, in
regime C, a steep decrease in quenching distances
occurs. This is due to the transition in methane–air
reaction mechanisms. The rapid chain-branching re-

Fig. 7. Quenching distances of inert STS304 plates with sur-
face temperature.

action and methane pyrolysis in this regime result
in excessive production of OH, O, and H radicals,
which compensate for the radical removal by the het-
erogeneous reaction. The effects of heat loss, hetero-
geneous reaction, and homogeneous reaction coex-
ist in all three regimes of quenching distance. The
relative significance of each of the three quenching
modes, however, changes as the plate temperature is
varied from 100 to 800 ◦C. In regime A, thermal ef-
fect due to heat loss is the dominant factor in deter-
mination of quenching distance. Heterogeneous reac-
tion on the surface and homogeneous chemical reac-
tion are dominant factors in regime B and C, respec-
tively.

For a heterogeneous chemical reaction, reaction at
the surface cannot occur at a steady-state rate greater
than the rate at which reactants are transported to the
surface from the bulk stream or at which products
can be transported away [17]. This phenomenon is re-
ferred to as the mass transfer limitation and its graph-
ical representation is shown in Fig. 8. The reaction
rate is nearly negligible at low surface temperatures,
since the surface reaction is activated only at high
temperatures. The reaction rate increases exponen-
tially with the plate temperature as the temperature
increases in region II. However, the reaction rate lev-
els off when the surface temperature further increases
beyond a certain limit due to mass transfer limitation
in region III. In this region, the reaction rate slightly
increases with surface temperature as the diffusivity
increases with temperature. In regime A of Fig. 7,
quenching distances decrease despite the increase of
the surface temperature because a surface reaction is
not activated as in region I of Fig. 8. In regime B,
however, the recombination of radicals on the sur-

Figure 1.12: Different regimes driving flame
quenching. Regime A is dominted by ther-
mal effects, regime B by heterogeneous sur-
face reactions and C by homogeneous chemi-
cal reactions. Figure extracted from [75].
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action and methane pyrolysis in this regime result
in excessive production of OH, O, and H radicals,
which compensate for the radical removal by the het-
erogeneous reaction. The effects of heat loss, hetero-
geneous reaction, and homogeneous reaction coex-
ist in all three regimes of quenching distance. The
relative significance of each of the three quenching
modes, however, changes as the plate temperature is
varied from 100 to 800 ◦C. In regime A, thermal ef-
fect due to heat loss is the dominant factor in deter-
mination of quenching distance. Heterogeneous reac-
tion on the surface and homogeneous chemical reac-
tion are dominant factors in regime B and C, respec-
tively.

For a heterogeneous chemical reaction, reaction at
the surface cannot occur at a steady-state rate greater
than the rate at which reactants are transported to the
surface from the bulk stream or at which products
can be transported away [17]. This phenomenon is re-
ferred to as the mass transfer limitation and its graph-
ical representation is shown in Fig. 8. The reaction
rate is nearly negligible at low surface temperatures,
since the surface reaction is activated only at high
temperatures. The reaction rate increases exponen-
tially with the plate temperature as the temperature
increases in region II. However, the reaction rate lev-
els off when the surface temperature further increases
beyond a certain limit due to mass transfer limitation
in region III. In this region, the reaction rate slightly
increases with surface temperature as the diffusivity
increases with temperature. In regime A of Fig. 7,
quenching distances decrease despite the increase of
the surface temperature because a surface reaction is
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Figure 1.13: Quenching distances from
reactive and inert plates at wall temperature
of 1100K. Figure extracted from [75].
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variability of radical quenching influence with the wall material, effect which should thus be
accounted in the modelling to produce thoughtful results. Notably, Kim et al. [75] measured
experimentally the quenching distance for a methane/air flame between two plates, for vari-
ous plate temperatures, material and both reactive and inert versions of each material. They
concluded that for a plate temperature of 1100 K, the rapid chain-branching reaction results in
excessive production of OH, O and H radicals, dominating the radical removal surface reactions
and resulted in a strong decrease of the quenching distance (figure 1.12). At this temperature,
and for material exhibiting naturally low surface reactivity such as quartz, it results in low dis-
crepancies between reactive and inert version of the material (figure 1.13). To finish, Saiki et
al. [128] analysed experimentally the effect of wall material on a methane-air premixed flame
formed in 5 mm wide channel. In a numerical simulation, the sticking coefficient of a surface
reaction model was estimated to reproduce the OH mole fractions measured experimentally. A
coefficient of 0.01 was determined for the quartz wall case. This led to a 1.5% variation, on the
global flame heat release, compared to no accounting of surface reactions.

From the evoked experimental observations and the fact that the coming study exhibits a
5 mm high quartz channel, the surface reactions will be neglected in the present work.

1.3.3.3 Kinetic mechanism choices

Because of the numerous couplings between chemistry, heat transfer and flame propagation in
flame/wall interaction [42, 117], the complexity level of chemistry introduced in the simulation
of small-scale combustion is usually in line with the physical phenomena under study. Focusing
on wide parametric analysis, global single- or multi-step chemical schemes have been used [7,
66, 78, 106, 146]. Skeletal mechanism for methane/air mixtures were also employed, e.g. 16
species and 25 reactions by Li et al. [89] and 19 species and 84 reactions by Gauthier et al. [44].
Hydrogen/air flames have been modelled with detailed schemes by Pizza et al. [114], also to
examine the impact of the Soret effect in the study of Jimenez et al. [60]. Besides, Nakamura et
al. [103] pointed out that the simulation of combustion instabilities in small-scale systems may
require a refined description of chemistry. Further in the case of methane/air flames, Kizaki
et al. [79] reported two-dimensional simulations in a low-Mach number formalism with the
detailed GRI-3.0 mechanism [137], with a good agreement against experiments on a quenched
flame stabilised after imposing a temperature profile. This Ph. D. thesis work will stress that,
when considering a fully thermally coupled confined flow problem, the kinetic mechanism has
a preponderant influence on the flame topology and dynamics. In consequence, an important
effort will be devoted to this point in the present work.

1.3.3.4 Soret effect

The transport of light species toward high temperature areas and of heavy species toward low
temperature areas, known as the Soret effect, and its conterpart Dufour effect, are known to
modify the burning rate when considering combustion with fuel Lewis number different from
unity. This was observed by Jimenez et al. [60] for hydrogen/air combustion, where combus-
tion is enhanced by the transport of hydrogen into the reaction zone. Because of the close
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to unity Lewis number, it is usually admitted that this effect is negligible when consider-
ing methane/air combustion. Hypothesis widely followed in the micro-combustion commu-
nity [7, 44, 66, 78, 79, 89, 106, 146]. Accordingly, these effects are neglected in the present
work. Nevertheless, when considering confined combustion, Popp et al. [120] and Hasse et
al. [52] point out that pressure and temperature gradient at the wall might increase the Soret and
Dufour effects, weakening the hypothesis.

1.3.3.5 Multi-dimensional property of the simulations

Gauthier et al. [44] and Bai et al. [6] point out that, under adiabatic conditions and with a tube
diameter or a channel height below the millimetre scale, a stretched flame surface can hardly
develop and the problem is reduced to a single direction. In opposition, heat losses with wall-
quenching [44] impose at least two-dimensional simulations, as does larger channel height,
because of the flow redirection by the flame [78]. Studies by Kurdyumov et al. [84], Tsai [146]
and Pizza et al. [114] display three-dimensional simulations of flames in tubes, either to study
relatively large tube diameters or lower than unity Lewis number flames. Indeed some specific
configurations may require to seize azimuthal effects. The present configuration is a planar
channel, and will be modelled with 2D simulations.

1.3.3.6 Symmetric and asymmetric flame topologies

In small-scale combustion, a vast amount of studies consider the problem as symmetric, either
with respect to the middle plane in a flat channel or to the centreline in a tube [43, 44, 66, 78,
79, 89, 106, 107, 121, 123, 134, 158]. Recent numerical [60, 83, 114, 146] and experimen-
tal [65, 161] studies show the apparition of asymmetric flame shapes for various conditions,
making notably rare to observe tulip-shaped flames. Depending on the configuration, the phys-

calculated tulip-shaped flame utilizing symmetry condition, the slant-shaped flame is
a more robust manifestation than tulip-shaped flame in wide enough channels.

Effects of Gravity

The effect of gravity on the stationary flame held by a prescribed Poiseuille
flow inside a 2-D channel is also investigated in this study. The variation of the burn-
ing rate with Fr!1(¼gD=U2

adi) is shown in Figure 8. Here, the positive value of Fr!1

indicates the flow direction of unburned mixture is the same as that of gravity, and
vice versa. Figure 8 shows that, for a 95 d-width channel, the symmetric mushroom-
shaped flame can exist only when Fr!1 is below a critical value (#3); as Fr!1 > 3
there is a transition from the symmetric mushroom-shaped flame to the asymmetric
slant-shaped flame.

For a channel of width 120 d, the asymmetric slant-shaped flame exists in all
the cases considered in our study (!9 < Fr!1 < 3). The numerical experiments show
that the positive Froude number promotes the occurrence of the asymmetric flame
front. Since the buoyant force drives the hot product to move relative to the cold
unburned mixture in the opposite direction of the gravity, the flame area increase
with the increase of gravity resulting in the increase of the burning rate as indicated
in Figure 8.

Effects of Intensity of Incoming Velocity

The evolution of flame front and flame propagation speed subject to different
intensities of incoming velocity is studied. The flame shape and flame burning rate

Figure 6 Contours of the dimensionless relative pressure !ppð¼ðp! prÞ=q1U2
adiÞ for the slant-shaped flame

in 2-D channel without symmetric assumption, D ¼ 120 d and UP ¼ 0.

Figure 7 Contours of the dimensionless fuel mass reaction rate j!_xx_xxf jð¼ ! _xxf =510Þ, and the velocity vectors,
for the slant-shaped flame in 2-D channel without symmetric assumption, D ¼ 120 d and UP ¼ 0.
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Figure 1.14: Contours of the dimensionless
fuel mass reaction rate and the velocity
vectors, for the slanted flame in 2-D channel
without symmetry assumption, D = 120δF.
Figure extracted from [146].

Physically, one may expect that the secondary Landau-Darrieus instability should
lead to the formation of such an asymmetric slant-shaped flame with a hump directed to
the unburned mixture, and such flame might be stabilized by the nonlinear stabilizing
effect as proven by Zeldovich et al. (1980) and Zeldovich (1981). The numerical calcula-
tions also show that the asymmetric slant-shaped flames for wider channels have a simi-
lar structure: the flame burning velocity being higher and the flame front being strongly
slanted in the channel with the increase of the channel width.

The surface of the flame front substantially increases due to the slanted
shape this, in turn, results in a considerable increase of the flame burning rate in
comparison with the burning rate of symmetric mushroom-shaped flames in channels
of smaller width. Figure 4 clearly demonstrates the main difference between the
results calculated with and without the symmetric assumption. In contrast with the

Figure 4 The variation of the flame burning rate with the duct width for the stationary flame (UP ¼ 0)
in ducts.

Figure 5 Contours of the dimensionless temperature Tð¼T=298Þ for the slant-shaped flame in 2-D
channel without symmetric assumption, D ¼ 120 d and UP ¼ 0.
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Figure 1.15: The variation of the flame burn-
ing rate with the duct width for the stationary
flame in ducts. Figure extracted from [146].
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ical phenomena susceptible to break symmetry are numerous and various parameters need ones
attention when formulating a symmetry assumption:

• First, a focus is made on the streamline deformation due to thermal expansion, referred
to as hydrodynamic Darrieus-Landau (D-L) instabilities [27, 86]. The numerical study
by Tsai [146] points out the predominance of slanted flames against tulip-shaped flames
for a tube diameter exceeding a hundred times the flame thickness δF (around 5 cm in this
case) due to D-L instabilities (figure 1.14). In these simulations of methane/air flames
with fixed unity Lewis number, such an asymmetry is not observed for lower diameters,
as it is well known that D-L instabilities require a minimal characteristic length to develop
(figure 1.15). In the present work, where the channel transverse characteristic length does
not exceed 15δF, such instability should not experience sufficient space to develop. This
point will be the object of a verification.

• Second, the viscosity-induced Saffman-Taylor (S-T) instabilities [127] are typical of
combustion in narrow channels. Indeed, this instability is due to the viscous-induced
pressure gradients (favored by small channel dimensions, as pointed out by Joulin et
al. [61]) in the case specific to flames, momentum loss being shown to contribute to flame
instability. Kang et al. [69] specify that this effect is not correlated with the Lewis number
and is reduced in presence of heat loss, which typically occurs in small-scale combustion,
since based on viscosity variations.

are positive for species heavier than the dilutant, negative for
species lighter than the dilutant and negligible for species of
molecular weights close to that of the dilutant mixture.

In hydrogen-air flames only the lighter species, H and H2,
present non-negligible thermal diffusion coefficients, and as
they are negative, they correspond to transport in the direc-
tion of the temperature gradient, towards hot regions. It has
been shown in planar hydrogen-air flame computations [33]

that for sufficiently lean mixtures the effect of including
thermal diffusion is almost negligible. However, when the
flame is curved, inclusion of thermal diffusion results in
enhanced transport of fuel to the reaction layer, which can
significantly increase the flame propagation speed [34]. This
makes it worth exploring the effect of thermal diffusion in the
present configuration, as a similar behaviour should be ex-
pected when flames adopt large curvatures.

All the numerical results presented above were obtained
neglecting the Soret effect. Fig. 8 presents the results of sim-
ulations for h ¼ 1 mm in which the Soret effect for H and H2

has been included, compared to results obtained when it is
neglected. The bifurcation into the non-symmetric flame so-
lutions occurs at roughly the same flow rate when the Soret
effect is included, but the predicted propagation speed is
significantly larger for non-symmetric curved flames. Sym-

metric flame solutions remain nearly planar for the lower flow
rates but adopt a large curvature and in consequence a large
propagation speed for flow rates m > 2. This transition occurs
at approximately the same flow rate m when the Soret effect
was neglected. The main effect of the inclusion of the Soret
effect is a significant increase in the predicted propagation
speed of both non-symmetric flames and symmetric flames
under large flow rates, that is, an increase of propagation
speeds for the large curvature solutions. These results seem to

Fig. 3 e The reduced temperature q (left) and the heat release rate Q′ (right) of the steady flame solution obtained when
symmetry about the channel axis is imposed, for h¼ 1 mm andm¼¡4,¡2, 0, 2, 4,6 and 10 (top to bottom). The solid line in
the temperature isocontours corresponds to q ¼ 1.

Fig. 4 e The reduced temperature q (left) and the heat release rate Q′ (right) of the steady flame solution obtained when
symmetry about the axis is relaxed for h ¼ 1 mm and m ¼ ¡4, ¡2, 0, 2, 4, 6 and 10 (top to bottom). The solid line in the
temperature isocontours corresponds to q ¼ 1.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 1 2 5 4 1e1 2 5 4 912546

Figure 1.16: The reduced temperature of the
steady flame solution obtained when symme-
try about the axis is relaxed for different re-
actant non-dimensional flow rates -4, -2, 0, 2,
4, 6 and 10 (top to bottom) for this hydrogen
flame. Figure extracted from [60].
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Fig. 7. Range of tested operating conditions expressed in terms of external heat loss 
coefficient, h o , and inner tube diameter, D . Conditions investigated using the ax- 
isymmetric assumption are contained within the shaded area bracketed by squares. 
3-D simulations are performed at conditions corresponding to those shown with 
crosses. 
this supercomputer is funded by the Canada Foundation for Inno- 
vation (CFI), Ministère de l’Économie, de l’Innovation et des Expor- 
tations du Québec (MEIE), RMGA, and the Fonds de Recherche du 
Québec - Nature et Technologies (FRQ-NT). Funding from the Nat- 
ural Sciences and Engineering Research Council of Canada (NSERC) 
is gratefully acknowledged. 
Appendix A. Three-dimensional simulations and axisymmetric 
flame assumption 

In order to verify the axisymmetric assumption used in this 
work, 3-D simulations of the fluid phase are performed. The 
numerical model used is the same as the one described in 
Section 2.2 , with the difference that the wall energy equation, Eq. 
(9) , is not solved. Instead, the wall temperature profile, obtained 
from the corresponding axisymmetric conjugate heat transfer case, 
is imposed at the wall interface. Having a fixed wall temperature 
profile is not expected to have a significant influence on the oc- 
currence of flame asymmetries, since the time-scale of the wall 
is much longer than the reported time-scale of non-axisymmetric 
flame cycles [52] . A parabolic velocity profile of average velocity 
S in = 10 m / s is set at the tube inlet. The stationary flames stabi- 
lized along the fixed wall temperature profile are very similar to 
those obtained with conjugate heat transfer, since the burning ve- 
locity of slowly-propagating excess-enthalpy flames, S b , is almost 
equal to the inflow velocity, S in . 

Six different cases are simulated with fixed wall temperature 
profiles, both with the 2-D axisymmetric assumption, and in 3-D. 
These cases are chosen to bracket the wide range of tube diame- 
ters and heat loss conditions investigated in this study, as shown in 
Fig. 7 . The 2-D grids cover a thin sector of the tube cross-section 
with only one cell in the circumferential direction. The 3-D grids 
cover the entire tube cross-section, and are based on an O-grid 
configuration, where the tube cross-section is divided by a cen- 
tered inner square and 4 identical outer sections joining the outer 
square edges to the outer tube edge. Average spatial resolution is 
varied between 5 and 40 µm, which leads to 2-D grids with 1 ×
10 4 to 3.9 × 10 4 elements, and 3-D grids with 3 × 10 5 to 7.2 ×
10 6 elements, depending on tube diameter. 

The 3-D solutions are initialized by interpolating the axisym- 
metric solution onto the 3-D fluid grid. The cases are then sim- 
ulated over a physical time twice as large as the residence time 
based on average flow velocity and simulation domain length. 

Fig. 8. Contour plots of normalized fluid temperature, θ , obtained with both 2- 
D and 3-D models, for an inner tube diameter of D = 5 . 0 mm. Iso-contours are 
shown at intervals of 0.1 of θ . The wall temperature profile imposed at the wall 
interface, obtained from the conjugate heat transfer results at h o = 0 W / m 2 / K , and 
h o = 950 W / m 2 / K , respectively, are shown above the contour plots. 
Since the grid geometry differs between 2-D and 3-D cases, the 
interpolation perturbs the solution slightly, which should be suf- 
ficient to trigger flame asymmetries [52] . Solutions for the largest 
diameter case, D = 5 . 0 mm, being the most likely to become asym- 
metric based on the concept of a critical diameter [23,4 8,4 9,52] , 
are additionally perturbed by re-initializing the velocity and pres- 
sure fields inside the fluid domain to a fixed uniform value. In 
all tested cases, the 3-D flames remain stable and axisymmetric, 
which justifies the use of the axisymmetric assumption for the 
range of conditions tested in this study. Given the differences in 
computational grids, the 2-D and 3-D results are essentially iden- 
tical, as shown in Fig 8 . 
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Figure 1.17: Contour plots of normalized
fluid temperature θ, obtained with both 2- D
and 3-D models of a methane flame, for an
inner tube diameter of D = 5.0 mm. Iso-
contours are shown at intervals of 0.1 of θ.
The wall temperature profile imposed at the
wall interface, obtained from the conjugate
heat transfer results at ho = 950 W.m−2.K−1

is shown above the contour plots. Figure ex-
tracted from [43].

• Third, numerous numerical studies on flame symmetry breaking focus on Diffusive-
Thermal (D-T) instabilities [136, 149], making the Lewis number (Le) a key parameter.
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This instability is due to the growth in curvature of flame fronts when the fuel presents
light chemical species, quickly diffused into the flame front. For Le < 1, the existence of
non-symmetric flames is discussed in various studies [60, 83, 114, 130, 131, 161], point-
ing out the instability of symmetric flames in front of their non-symmetric counterparts
(figure 1.16). Consequently, when studying fuel exhibiting Le < 1, such as hydrogen,
one must systematically consider non-symmetric effects in the modeling. In addition, in
the context of a thermo-diffusive model, Le > 1 flames with low mass flow rate are found
asymmetric by Kurdyumov [83]. Clavin et al. [24] stress that, for Lewis number larger
than unity, vibratory instability of the planar flame in the tube can develop. Besides, unity
Le flames have been found symmetric when approaching the micro-combustion scale.
A study by Gauthier et al. [43] performs a comparison of 2-D axi-symmetric and 3-D
stoichiometric methane/air flames propagating in a tube of internal diameter 5 mm with
unity Lewis number, yielding similar symmetric tulip-shaped flames (figure 1.17). A sta-
bility analysis, by Kurdyumov et al. [85], of flames submitted to heat loss also stresses
that unity Lewis number symmetric flames are stable. It is essential to note that these
numerical studies do not consider the gravity.

Figure 3. (a) The time evolution of the fast flame propagation of (a) near low flow rate limit

(Q ¼ 1.77 cm3=s), and (b) near high flow rate limit (Q ¼ 5.3 cm3=s) in 5 mm tube at

/ ¼ 1:0. (b) The positive and negative flame propagation of the slow flames corresponding

to the A (Q ¼ 6.872 cm3=s) and B points (Q ¼ 7.658 cm3=s) in Figure 1.
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Figure 1.18: The time evolution of a methane-
air stoichiometric flame slowly moving in a
5 mm horizontal tube. Note that the reactants
flow from the right in these pictures. Figure
extracted from [65].

022108-19 Analytical study of the mechanism of flame movement Phys. Fluids 24, 022108 (2012)

FIG. 6. Schematics of steady flame propagation in horizontal channel. Horizontal arrows of different lengths qualitatively
depict gas velocity profiles in various parts of the channel. Also shown are the transition [y ∈ (0, U)] and dissipation [y ∈ (U,
∞)] domains, and a pair of neighboring streamlines used in the derivation of Eq. (54).

convenient to deal with vertical propagation, wherein 3D shapes can be assumed axisymmetric.
Consider first bubble motion, and let the 3D bubble shape be obtained from the corresponding 2D
channel pattern by rotating it around the tube axis. The bubble speed depends essentially on the
relative cross-sectional area of the jet formed between the bubble and the walls, which is evidently
larger in the 3D case. The same geometrical reason suggests that if it were possible to obtain an
axisymmetric flame by rotating a 2D pattern around the tube axis, then the speed of this flame would
indeed be larger than the speed of its 2D original as proposed in Refs. 11, 29, since the front slope
grows with distance from the tube axis. However, such rotation would violate flow continuity, for
the gas elements burnt near the tube wall come from regions of lesser radial distance from the axis
(see Fig. 6), whereas the flow far upstream remains homogeneous. Therefore, instead of increasing
the speed of propagation, 3D flame has to reduce its longitudinal spread to maintain flow continuity.
On the other hand, retaining continuity in the case of bubbles of fixed shape is not a problem, for
their motion is not constrained to satisfy such condition as the constancy of local consumption rate.
We, thus, see that the difference in the mechanisms governing propagation of bubbles and flames
implies essentially different sensitivity to the flow dimensionality.

It can be added that in complete analogy with the 2D case, the effect of small-scale 3D front
structures amounts to renormalization of the local propagation law (the proof is almost identical
to that given in Sec. III). To be sure, these arguments do not affirm equality of propagation speeds
of 2D and 3D flames, but they point toward certain rigidity of the flame speed with respect to
manifestations of the three-dimensional nature of the problem, such as occurrence of pronounced
3D front structures, or circularity of the tube cross section. On these grounds, the speed of uniform
movement of flame in a tube of diameter d will be identified henceforth with the speed of steady 2D
flame propagating in a channel of equal width, b = d.

B. Assessment of heat losses

For flat-on-average flames, heat losses to the tube walls are usually of minor importance in regard
to the flame speed, for their relative value rapidly decreases with increasing tube diameter. Thus,
although preventing flame propagation in very narrow tubes, heat losses are practically negligible
in tubes of a few centimeters diameter. For instance, the speed of downward propagation of planar
methane-air flames near the limits of inflammability (in which case the gravity and transport effects
completely stabilize planar front) is the same in tubes of d = 5 cm and d = 23 cm,30 implying that
even for slowest flames the cooling effect is negligible already in tubes of 5 cm diameter. Things
are different, however, for horizontally propagating flames, because the large flame spread along the
tube considerably enhances heat outflow from the front, reducing thereby the flame speed. The rate
of this outflow is, in the ordinary units,

q̄ = K!"T,

where ! ≈ πd × (U/βUf)d/2 is the area of the tube surface surrounding the front (the factor 1/2
accounts for the fact that heat is transferred only from the hot side of the front), "T is the temperature

Figure 1.19: Schematics of steady flame
propagation in horizontal channel. Horizontal
arrows of different lengths qualitatively
depict gas velocity profiles in various parts of
the channel. Figure extracted from [72].

• Fourth, body forces might influence the flame topology. In small-scale combustion nu-
merical studies, gravity is often neglected based on the relatively high Froude number
(Fr) associated, this last varying as 1/`c,

Fr =
u2

c

g`c
' 3 , (1.4)

for a characteristic velocity uc = 40 cm.s−1 and a characteristic length `c = 5 mm.
Having a Fr number higher than one yields that gravitational effects do not drive the flame
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dynamics but not necessarily that these can be completely neglected. Experiments by Ju et
al. [65] and Zamashchikov [161], treating the flame propagation in horizontal tubes, show
the appearance of slanted flames with a preferential direction, suggesting the role of a
directional force (figure 1.18). In these works, symmetry breaking is generally thought to
be due to free convection in the air surrounding the hot tube. Several studies [1, 129, 154]
show that a thermal and flow plume develops around a heated tube, consequently the
Nusselt number decreases toward the top of the cylinder as the boundary layer thickens. In
fact, the plume insulates the cylinder from the surrounding air and results in a lower heat
transfer coefficient. A temperature difference between the top and bottom wall also results
from the establishment of this plume around the tube. This phenomenon is a possible
symmetry breaking source, but no complete analysis has been made on this point. Further,
in a theoretical study employing a model equation for flame propagation, Kazakov [72]
points out that gravity might play a role not only through external free convection but also
via buoyant effects inside the channel. The generation of vorticity due to the gravity field
would result in asymmetric flames, anchored at the top (figure 1.19). Further numerical
and experimental analyses of this point are advanced in the present manuscript.

• Finally, when studying the flame propagation in a vertical tube numerically, Tsai [146]
remarks that the symmetry breaking observed (and related to D-L instabilities) occurs for
lower tube diameter when gravity is entered with the same direction as the flow, and the
Froude number is diminished. This suggests the effect of gravity-driven Rayleigh-Taylor
(R-T) instabilities [140, 144] on the symmetry breaking, this buoyant instability occurring
at the contact of two gases with the denser one on top of the other.

Various parameters are known to influence the aforementioned instabilities such as, the
channel dimensions, the nature of the fuel, the wall temperature as well as the application
area (micro-gravity, on-earth). From the numerous symmetry breaking sources, stable tulip
flames have rarely been observed experimentally. Nevertheless, the observations by Di Stazio
et al. [29], of a stable tulip-shaped stoichiometric methane/air flame, have been realized for a
tube of 2.15 mm inner diameter. Such a configuration was obtained with an imposed high tem-
perature profile, via an intense external heating of the quartz tube (temperature peak at 1600 K),
and an inlet flow rate of 1 m.s−1. In the work of Brambilla et al. [14], while decreasing the arti-
ficially high wall temperature, the transition from tulip to slanted flames is observed, suggesting
the stabilizing role of the hot walls on the flame, in this syngas combustion experiment. In the
present Ph. D. thesis, further numerical investigations are proposed on this point.

1.3.3.7 Gravity effect

Quite generally, the effect of gravity is neglected when modelling flames propagating in small-
scale burners, as it is the case in most of the studies presently reviewed. See the work of
Raimondeau et al. [121], Xie et al. [158], Ju et al. [62, 66], Kim et al. [76, 78], Short et
al. [134], Ronney [123], Boehman [12], Li et al. [89], Gauthier et al. [43, 44], Kurdyumov
et al. [83–85], Minaev et al. [101], Norton et al. [106, 107], Bai et al. [6], Kizaki et al. [79],
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Ganter et al. [42], Pizza et al. [114, 115], Jimenez et al. [60], Nakamura et al. [103], Hasse
et al. [52], Kang et al. [69], Sanchez-Sanz et al. [130, 131], Chakraborty et al. [17] and Kuo
et al. [82]. In this manuscript, this assumption is first followed, as it is also coherent with the
microgravity conditions often addressed among the micro-combustion applications. Then the
effect of gravity will be considered, as it will be revealed to be essential to the comprehension
of some phenomena observed experimentally.

1.3.3.8 Unsteady modes

In micro-combustors, the enhanced heat loss and the flame/wall thermal coupling result in vari-
ous instabilities. In the case of a diverging tube diameter, Xu et al. [159] showed the apparition
of a so-called spinning flame instability. Another specific unsteady phenomenon called Flame
Repetitive Extinction Ignition (FREI) was observed by Maruta et al. [96] and Richecoeur et
al. [122], and simulated by Bucci et al. [15] with single-step chemistry and with an imposed
external source of heat at the wall. These phenomena might make the conception of micro-
combustion chambers more complex and require further study from the community.

1.3.3.9 Flame front tracking in numerical simulations

Stabilizing a flame in a channel or a tube by adjusting the mass flow rate of fresh gases, is
experimentally [77] and numerically [78] challenging, mainly because of the difference in char-
acteristic time scales between convection, heat transfer and combustion. To overcome this diffi-
culty, stabilization is sometimes secured by imposing a temperature profile at the wall boundary
condition, as applied by Maruta et al. [96], Gauthier et al. [44] and Sánchez-Sanz et al. [131].
Various other options have been discussed in the literature without adding thermal forcing at
the wall. The flame front can be tracked in a well-defined reference frame attached to the flame,
thus limiting the length of the computational domain [17, 60]. A given radial position and tem-
perature level (i.e. a temperature known to be attained within the flame) is then used as the
origin of the reference frame [83–85]. Besides, to the author knowledge, among the few studies
which considered the fully coupled problem, with the solving of the heat equation in the solid
and accounting for convective heat transfert from the wall exterior surface to the surrounding
environment [66, 89, 106], none completely avoided the inlet effect, by ensuring zero gradi-
ents in the solid and flow parts, at the entrance. In the following, the proximity of the inlet
to the flame front will be shown to impacts strongly the flame propagation, as it modifies the
preheating of reactants. A specific attention will be brought to this point during this Ph. D.
thesis.

1.3.4 Managing small-scale combustion

For the reasons presented in § 1.3.2, micro-combustion suffers a limitation of the flammability
range compared to its macro-scale counterpart. In this section two technological leads, explored
to extend the stability range for micro-burners, are presented: the excess of enthalpy and the
catalytic combustion.
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1.3.4.1 Excess enthalpy

The excess enthalpy principle was first introduced by Lloyd and Weinberg [90] and consists in
using the energy of the burnt gases to preheat the reactants. By bringing energy to the reactant
mixture, the combustion stability range is extended. One may note that this phenomenon is
inherent to realistic micro-burners. At such scale, a non-negligeable heat recirculation from the
burnt to the fresh gases via upstream conduction in the solid is observed, as presented in fig-
ure 1.20. Part Ho of the energy H, transferred from the burnt gases to the wall, is convected to the
ambient while a flux Q is conducted upstream through the wall and preheats the fresh gases. Be-
sides, Boehman [12] points out that backward gas conduction of heat is negligible and internal
radiation plays a much lower role in micro-burners than in their conventional-sized counter-
parts, making the heat transfer by conduction in the wall the main preheating mechanism. In
practical configurations, excess enthalpy is thus naturally performed through conduction in the
walls, making the wall material one of the influencial concerns for micro-combustion. As ex-
ample, Norton et al. [107] showed the influence of the wall material conductivity on extinction
and blow-out (see figure 1.21).

propagation. When a flame propagates at a velocity of Uf relative to
a channel with width of d and mean flow velocity of u, the burned
gas loses energy to the wall structure at a rate coefficient of H. A
fraction of the heat loss H will lose to the environment at a rate of
H0. The rest of it (Q) will be transferred upstream and given back to
the unburned gas. Therefore, the heat recirculation strongly
depends on the heat transfer rates of the inner and outer walls, the
thermal diffusivity of wall structure, and the thermal heat capacity
of the structure. In addition, the direction of heat condition in the
solid phase is parallel to that the thermal diffusion of the gas-phase.
As a result, the indirect heat recirculation will change the effective
Lewis number and the flame dynamics accordingly.

To understand the flame dynamics with flame-wall structure
coupling, a theoretical analysis was carried out by Ju et al. [40] by
using a simplified model shown in Fig. 27. By assuming a constant
wall temperature at far upstream (Tw), uniform flow velocity,
constant properties, a thin flame model, and one-dimensional
quasi-steady-state flame propagation, the normalized governing
equations for energy of gas-phase, energy in solid phase, and the
fuel mass fraction in the coordinate attached to the flame front can
be rewritten as [40],

!
u!Uf

"dq
dx
¼ d2q
dx2
!Hðq!qwÞþexp

!
b
!
qf !1

"
=2

"
d
!
x!xf

"

!
u!Uf

"dYF
dx
¼ 1
Le

d2YF
dx2
!exp

!
b
!
qf !1

"
=2

"
d
!
x!xf

"

!Uf
dqw
dx
¼ d2qw

dx2
aw
ag
þHCðq!qwÞ!H0Cqw=b

(5)

The boundary conditions are

x/!N; q¼qw¼0; YF ¼1; x/þN;
dq
dx
¼
dqw
dx
¼0; YF ¼0 (6)

here, H and H0 are the normalized convective heat transfer coeffi-
cients on the inner and outer walls of the channel, C the ratio of
heat capacity of gas-phase to the solid structure, Le the Lewis
number, ag and aw the thermal diffusivities of gas and solid
structure, and b Zeldovich number, respectively. It will be shown
that these parameters govern the flame regimes via flame-wall
structure coupling.

By using method of the large activation energy analysis [123],
the solution of flame speed (m ¼ u!Uf) becomes,

m ¼ exp
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where s is the heat release parameter and q0f , q
1
f , A and B can be

obtained from the following algebraic equations,
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in which l1, l2, and l3 are, respectively, the eigen-function of the
following third-order ordinary differential equations
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and D, E, and F are calculated from,

D ¼ 1þml2! l22
H

; E ¼ 1þml3! l23
H

; F ¼ 1þml1! l21
H

(10)

In the limit case of zero thermal conductivity of the wall (aw ¼ 0),
that is, the wall becomes a heat sink with no thermal conduction to
allow heat recirculation, the problem reduces to the flame propa-
gation in a particle laden mixture, in which particles have heat
transfer with the gaseous flame but not between each other. Eqs.
(7)e(10) become

lnm2 ¼ !
bH

#
2m2 þ CH

$

#
m2 þ CH

$2 (11)

which is exactly the same as the solution of the particle laden flame
obtained by Joulin [124]. Eq. (11) shows that there is a maximum
particle loading heat capacity (C) beyondwhich flame extinguishes.

In the limit of zero wall heat capacity (C ¼ 0), Eq. (11) further
reduces to

m2lnm2 ¼ !2bH; m ¼ u! Uf (12)

which defines a quenching diameter in a channel with a mean flow
velocity of u. For zero flow velocity, Eq. (12) becomes Eq. (1). A
factor of two appears in Eq. (12) is because the heat loss to both
walls of the channel in Fig. 27.

Fig. 28 [40] shows the effect of flow velocity on the flame
propagation speed for relative wall heat capacity of C ¼ 0.01 and
thermal diffusivity ratio of aw/ag ¼ 0.1. It is seen that at u ¼ 0, the
extinction curve is similar to Fig. 25. The extinction limit defines the
quenching channel width or the burning limit of fuel concentration.
However, when the flow speed is increased to u ¼ 0.1, different
from the results of zero flow rate, it is seen that there exist two
steady-state flame solutions and two extinction limits. There is
a new flame branch which has a flame velocity almost equal to the
flow speed. This new flame regime is called the “weak flame”
induced by strong flame-wall structure thermal coupling. At u¼ 0.1,
the new flame regime has a quenching diameter larger than the
standard quenching diameter of the normal flame. However, as the
flow velocity further increases to u ¼ 0.2, it is interesting to note
that the weak flame regime extinguishes at a larger heat loss
coefficient (H) than that of the normal flame, indicating that the
weak flame regime can be stabilized at a combustor with a scale
smaller than the standard quenching diameter. In addition, it is
noted that with the increase of flow velocity, the normal flame
extinction limit does not change. The flame transition from the
normal flame to the weak flame is via extinction transition. As the
flow speed increases to u ¼ 0.5, it is seen that the extinctionFig. 27. Schematic of flame propagation in a mesoscale channel with indirect heat

recirculation through flame-wall structure thermal coupling.

Y. Ju, K. Maruta / Progress in Energy and Combustion Science 37 (2011) 669e715686

Figure 1.20: Schematic of flame propagation
in a mesoscale channel with indirect heat
recirculation through flame/wall structure
thermal coupling. Figure extracted from [63].
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Fig. 6. Critical external heat loss coefficient vs wall ther-
mal conductivity. Typical ceramics allow maximum external
heat loss coefficients. Materials with lower wall thermal con-
ductivities limit the upstream heat transfer. Materials with
higher wall thermal conductivities result in enhanced heat
transfer to the surroundings. Propane allows self-sustained
combustion for higher external heat loss coefficients and
more insulating materials than methane. The rest of the pa-
rameters are the same as in Fig. 4.

5. Effect of fuel on flame stability

Propane’s mechanism for the loss of stabilized
combustion is qualitatively similar to that of methane,
discussed in previous work [13]. For low wall thermal
conductivities the primary mode of burner instability
is blowout, whereas for high wall thermal conductiv-
ities it is extinction. However, propane microflames
are more robust than methane microflames, as shown
in Fig. 6. Note that the methane map is a subset of the
propane map. Lower wall thermal conductivities and
higher exterior heat-loss coefficients are possible.
In order to better understand the differences be-

tween propane and methane microflames, a theoret-
ical fuel, denoted as “pseudo-propane,” was defined.
This is simply a sensitivity analysis or numerical ex-
periment aiming at delineating the differences be-
tween fuels. Pseudo-propane has all of the properties
of propane except for a parameter that is changed
to a value that is identical to that for methane. The
methane/air and propane/air mixture properties, such
as thermal conductivity, specific heats, and viscosi-
ties, are similar, as the primary component is nitrogen
in both cases. Therefore, the properties of primary in-
terest are the heats of reaction and the reaction-rate
constants.
Fig. 7 shows the centerline temperature profile for

propane, methane, and two types of pseudo-propane.
Note that due to the difference in molecular weights
and densities of various fuel/air mixtures, the mass-
flow rates of different fuel/air mixtures are different
when the residence time is kept constant, as happens
in our simulations. Therefore, instead of simply re-

Fig. 7. Sensitivity analysis of the primary differences be-
tween propane and methane microflames. The reaction-rate
constant has a larger effect on the solution than the heat of
reaction. The parameters are L = 600 µm, Lw = 200 µm,
Vinlet = 0.5 m/s, kw = 1 (W/m)/K, h = 9 (W/m2)/K, and
a stoichiometric feed.

placing one heat of reaction with the other, we have
also accounted for the difference in densities. The
way we accomplish this in the first numerical exper-
iment is by changing the heat of reaction of pseudo-
propane so that the power generated upon complete
combustion of pseudo-propane in the microburner
matches that of methane. For this case, the maxi-
mum temperature decreases, and the reaction location
shifts downstream. However, these changes are small
in comparison to the difference between propane and
methane microflames.
Next, the reaction-rate constant parameters of

pseudo-propane are changed to those of methane. For
this case, the maximum temperature increases, and
the flame location shifts significantly downstream.
This solution is closer to the methane solution. The
lower apparent activation energy of propane com-
bustion (∼ 126 kJ/mol for propane compared to
∼ 203 kJ/mol for methane [24]) causes easier ig-
nition and upstream flame stabilization. From this
analysis we conclude that the reaction-rate constant
parameters have the largest effect on flame location
and stability between different fuels. Higher hydro-
carbons, such as octane, generally have lower ignition
temperatures than methane. It is expected that they
would also exhibit increased stability compared to
methane.

6. Role of inlet velocity in flame stability and
fuel-lean operation limit

The inlet velocity plays a key role in determining
the location of the flame in the burner [13]. Fig. 8a
shows the flame location as a function of inlet veloc-
ity for several wall thermal conductivities. For high

Figure 1.21: Critical external heat loss co-
efficient vs wall thermal conductivity for
propane/air combustion in a 0.6 mm high 2D
channel with 0.2 mm thick wall. Figure ex-
tracted from [107].

Not only the wall material can be adequately picked, but also the burner geometry can
be thought in order to optimise the excess enthalpy phenomenon. Various configurations can
be employed to allow the burnt gases to transfer efficiently heat to the reactant mixture (see
figure 1.22). Some numerical and experimental studies considered such excess enthalpy con-
figurations. For example, Weinberg et al. [156] and Ronney [123] performed an analysis of a
U-shaped reactor, with products preheating reactants. Ju et al. [62] analysed two flames prop-
agating in opposite directions in parallel channels. Recently some paper investigated more
complicated configurations: Vican et al. [152], Kim et al. [76] and Cho et al. [20] (see fig-
ure 1.23) studied experimentally and analytically a swiss-roll burner configuration while Kuo et
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al. [82] developed a two-dimensional numerical model of a similar spiral configuration. These
thermal optimisations will most likely be employed in realistic burners. It is thus mandatory to
understand the influence of excess enthalpy on the flame propagation and stabilisation.

with a single 180! turn. The catalyst may be placed in the inlet
channel, the recirculation channel or both channels. Panels (c) and
(d) show the serpentine and a symmetric HR geometry, respec-
tively. In both cases, the catalyst may be placed in the central
channel so that the flow channels shield the microburner walls in
the combustion zone. A co-current flow through a porous bed is
shown in panel (e), which relies on enhanced mixing in the fluid
phase for improved heat recirculation. Heat recuperation (Fig. 19a)
is another strategy, discussed in Section 5.5.1, where the flow
direction is periodically reversed and excess enthalpy is recovered
via temporal rather than spatial coupling. The Swiss-Roll micro-
burners of Fig. 19b are also used for extending the stability of
catalytic microcombustion. In Swiss-Roll microburners, the catalyst
may be placed in the central combustion zone, which is then iso-
lated from low temperature ambient by the heat exchange chan-
nels of the Swiss-Roll geometry.

Federici et al. [89] studied experimentally and using CFD
simulations the effect of heat recirculation on catalytic combustion
in a symmetric geometry (Fig. 38d) and the serpentine geometry
(Fig. 38c). The central combustion zone in these geometries is
physically isolated from the ambient by the inlet and/or recircula-
tion zones. Fig. 39 compares the critical heat loss coefficient vs. wall

conductivity for HR and single channel geometries. Also shown for
comparison is the homogeneous combustion case. The micro-
burner dimensions are the same as in Fig. 17. Heat recirculation
increases microburner stability, and the catalytic HR microburners
are more stable than their homogeneous counterparts. However,
both homogeneous and catalytic microburners show the same
qualitative behavior: the critical heat loss coefficient for micro-
burner stability increases significantly in heat recirculatingmode as
the wall conductivity decreases. For highly conductive walls, HR
does not improve stability significantly.

The heat recuperation in reverse-flow combustion and internal
heat recirculating reactors have long been studied for elimination
of “fugitive emissions” (ultra-lean conditions) [139]. Counter-
current reactors (Fig. 38a) and internal heat recirculating reactors
(Fig. 38b) are shown to be numerically equivalent to heat recu-
perating reverse-flow burners (Fig. 19a) under ideal conditionswith
infinitely fast flow reversal [140].

In order to understand the role of walls in heat recirculation, the
thermal conductivities of the two walls were varied independently
in CFD simulations. The flexibility in changing wall materials
independently is another advantage of the planar HR geometry.
Nine sets of simulations with each possible combination of three
wall conductivities (1, 10, and 100 W/m/K) were considered. The
most stable system is obtained when both walls have low thermal
conductivity due to low heat dissipation and heat losses through
the poorly conducting walls. When the inner wall is highly
conductive, the HR microburner behaves like a straight channel.
The change in stability upon varying the inner wall conductivity is
much greater than that of the outer wall conductivity, i.e., the inner
wall plays a larger role in microburner stability.

Fig. 39 indicates the heat recirculation is effective only for low
wall conductivity. These numerical predictions were verified
experimentally. Specifically, no improvement in stability was found
using a stainless steel HR geometry [149]. Scarpa et al. [87]
experimentally analyzed the effect of heat recirculation in
a multi-channel ceramic/quartz microburner. The setup consisted
of two concentric quartz tubes; the annular region between the
tubes is the heat recirculating channel; the central tube holds
catalytic monoliths, where the reactions take place. The tempera-
ture measured by thermocouples placed at the end of the monolith
(for various flow rates and equivalence ratios) are plotted in Fig. 40.

(a)

(b)

(c)

(d)

(e)

Fig. 38. Various geometries of “excess enthalpy” microburners: (a) combustion in
counter-current heat exchanger, (b) heat recirculation geometry, (c) serpentine
geometry, (d) symmetric heat recirculating geometry, and (e) porous co-current
geometry. Shaded regions are solid walls and blank regions are flow channels.
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Figure 1.22: Various geometries of ’excess
enthalpy’ microburners: (a) combustion in
counter-current heat exchanger, (b) heat re-
circulation geometry, (c) serpentine geometry,
(d) symmetric heat recirculating geometry,
and (e) porous co-current geometry. Shaded
regions are solid walls and blank regions are
flow channels. Figure extracted from [68].

and Pt foil catalyst specially treated with NH3,
which we have found yields far superior perfor-
mance at lower temperatures [16], were placed
along the walls at the center of the combustor.
The fresh fuel–air mixture is plumbed through a
manifold attached to the inlet of the Swiss roll.
An electrically heated Kanthal wire wrapped
around a ceramic post located at the center of
the combustor is used for ignition. The combustor
was instrumented with thermocouples located at

the center and in each inlet and exhaust turn.
Commercial mass flow controllers were used to
regulate the flow rate of fuel and air through the
combustor. LabView data acquisition software
was used to record the response of each thermo-
couple and to control the mass flow controllers.

The engine, described in detail in Refs. [8,11]
and [13], consists of four major components; a
cavity, an evaporator, an expander/compressor,
and a thermal switch. The evaporator is fabricated
on the inner surface of the bottom membrane. Use
of a wicking structure on the lower membrane
provides control over the liquid location and
thickness; as well as, the rate at which the wicking
structure pumps liquid from the liquid reservoir
into the heat addition region [10,11].

The thermal switch controlling heat transfer to/
from the micro-engine takes the form of a liquid-
metal micro-droplet array deposited on a silicon
die. It is important to note that the thermal switch
is not activated by heat. It is a device, actuated by
a piezoelectric here, to control heat transfer by
making and breaking thermal contact between
two contacts to quickly alternate between a low
thermal resistance state and a high thermal resis-
tance state. An array of liquid-metal micro-drop-
lets is fabricated on a silicon die using preferential
vapor deposition on patterned gold. A second sili-
con die is used to make and break contact with
the micro-droplet array. When the die makes con-
tact, squeezing the liquid-metal micro-droplet
array between them, the thermal switch is in its
‘‘on” state with increased heat transfer by conduc-
tion through the droplets [12]. When the die breaks
contact, leaving a gas gap between the die, the ther-
mal switch is in its ‘‘off” state with reduced heat
transfer by conduction across the gas gap. The
micro-droplet array die is bonded on the tip of a pie-
zoelectric cantilever actuator [11]. The cantilever
thermal switch is then mounted immediately below
the engine so that as the cantilever flexes the micro-
droplet array makes contact with the bottom evap-
orator membrane.

The indicated power produced by the engine
was calculated from measurements of the deflec-
tion of the top membrane. A laser vibrometer
(Polytec OFV-5000, OFV-511) was used to mea-
sure the deflection of the top membrane. The
engine cavity pressure was determined from the
top membrane deflection using an experimentally
determined pressure–deflection curve. The indi-
cated mechanical power is the area under the pres-
sure–volume curve for the micro-engine cavity
divided by the time per cycle. This boundary work
is the upper limit on useful mechanical work.

3. Results and discussion

The lean and rich extinction limits and thermal
behavior of the polymer Swiss roll were thoroughly
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Fig. 1. (a) CNC-milled VespelTM Swiss roll combustor in
experimental stand; top plate removed for clarity,
(b) micro-engine mated with Swiss roll combustor in
experimental stand, and (c) schematic of experimental
configuration.
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Figure 1.23: CNC-milled Vespel Swiss roll
combustor in experimental stand. The top
plate is removed for clarity. Figure extracted
from [20].

1.3.4.2 Catalytic combustion

Although it will not be studied in this Ph. D. thesis work, the highlights of catalytic combus-
tion are now shown. The high surface-to-volume ratio has been presented as a disadvantage
for small-scale combustion, due to the enhanced heat and mass transfer to the wall leading to
thermal and radical quenching, respectively. On the contrary, when a catalyst layer is deposited
on the wall surface, the combustion can take advantage of the flame/wall proximity. In this
context, catalytic combustion, by improving the thermal efficiency of the system, allows for an
extension of the burner flammability limits, as pointed out in the pionneering work of Pfefferle
et al. [113]. Figure 1.24, from Kaisare et al. [68], depicts the mechanism occurring in catalytic
combustion. The reactants diffuse from the bulk flow to the catalyst layer, where reactions take
place with lower activation energies than in the gas phase, before the products diffuse back
in the flow channel. These exothermic catalytic reactions participate to the flame stabilisation
by heating both the wall and the bulk flow and locating the combustion area. In addition, an
appropriate catalytic material reduce the pollutant emissions.

Catalytic reactions impact strongly the flame stabilisation, including its location. The ex-
periment by Norton et al. [108], focusing on the behavior of a platinum/alumina catalytic mi-
croburner, shows that the flowing hydrogen/air mixture self-ignites at the channel entrance.
This trend is recovered from stoichiometric to extermely fuel lean (φ = 0.29) equivalence ra-
tio, although in this last case combustion exhibits quite low (400 K) maximal temperature. As
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becomes progressively less of a problem as the gap size increases to
the mesoscale regime. Aside from the gap size and wall thickness,
the length of a burner is also important since it determines the area
for heat loss. Understanding how the different phenomena vary, as
one transitions from the mesoscale to the microscale, will require
further research.

6. Catalytic microcombustion

Device miniaturization leads to a large surface area to volume
ratio and enhanced (heat and mass) transfer rates. Both of these
effects render homogeneous microcombustion susceptible to
thermal and radical quenching. Catalytic microcombustion, on the
other hand, benefits from enhancedmass transfer but is still subject
to heat losses. Indeed, reducing heat losses and proper thermal
management within a catalytic microburner are of vital importance
[36] as is the case for homogeneous microburners. Catalytic
combustion inmicroburners is reviewed in this section and the role
of key operation parameters is elucidated.

6.1. Combustion characteristics

Fig. 24 shows the interplay of various processes in a catalytic
microburner [84,117]. The bulk flow of reacting gases determines
the residence time as well as the energy input into the system.
Reactants diffuse from the bulk gas to the washcoat and then
inside the porous support (catalyst layer). Reaction takes place on
catalyst sites within the support, and products diffuse outwards
through the support and eventually to the bulk gas. Since the
microburner solid structure has a larger conductivity and thermal
inertia than the bulk gas, combustion reactions heat up the walls.
Heat is then transferred from the walls to the bulk gas via gas-
phase conduction and along the wall via solid-phase conduction.
These processes are central to the autothermal operation of
a microburner. Aside from axial heat conduction, walls are also
responsible for heat losses to the surroundings as happens with
homogeneous flames. In non-adiabatic channels, heat losses
render downstream walls cold, and heat transfer from the hot
products to the walls occurs.

As mentioned in Section 4.3, mixing and gas-catalyst contact
can be an issue especially for catalytic burners [79]. Enhanced
mixing can be achieved with lower pressure drop by introducing
static structures (such as an array of staggered “posts”) near the
microburner inlet. Other alternatives that avoid jetting employ
a wire mesh at the inlet [36,89], a careful design of inlet manifolds
[162,163], or a network of bifurcating channels [164]. These are
briefly reviewed in [165].

Fig. 25 shows experimental axial temperature profiles for lean
hydrogen/air premixed combustion in a Pt-catalyzed ceramic

(alumina) microburner. The initial section of the microburner
contains staggered, non-catalytic posts, as shown in Fig. 8b. Due to
the fast reaction of hydrogen on Pt, reaction takes place mainly
near the entrance. This region is associated with hot-spots, after
which the temperature decreases rapidly due to heat losses.
Increasing the inlet flow rate and/or the equivalence ratio
increases the operating temperatures due to increased enthalpy
input per unit microburner volume. Increased flow rates may push
the reaction zone downstream since a longer length is required to
heat up the increased gas flow. Similar results were experimen-
tally reported for catalytic combustion of several fuels, including
hydrogen [69,166,167], methane [168], propane [35,36], methanol
[71], etc. Catalytic combustion of mixtures of fuels has also been
investigated experimentally [169e171] and through simulations
[126,172].

Fig. 26 shows CFD simulation results, underscoring character-
istics of catalytic combustion of premixed propane/air lean
mixtures in a microburner of length 1 cm and 600 mm gap. A
detailed theoretical analysis is presented in [173]. The operating
conditions are the same as that in Fig. 12 to facilitate comparison
between homogeneous and catalytic combustion. Unlike homo-
geneous combustion, where the reaction occurs in a narrow region
in the gas-phase, the reaction zone is more spread out in catalytic
combustion. Therefore, the maximum temperature is lower,
resulting in lower heat loss and smaller temperature gradients in
the catalytic microburner. The reaction zone spreads over the initial
4 mm of the microburner.

As described in [173], an intertwined pre-heating and combus-
tion zone forms (unlike homogeneous combustionwhere zones are
often segregated, especially for low tomediumwall conductivities).
Near the entrance, the wall temperatures are higher than the gas
temperatures due to heat release from catalytic combustion. Heat
transfer takes place from the wall to the bulk gas. Downstream of
this region, heat losses from the walls cause a rapid temperature
decrease. In this “post-combustion zone,” the direction of heat
transfer reverses causing a discontinuity in the Nusselt (Nu)
number profile (Fig. 26d). In contrast, the Sherwood (Sh) number
profile is monotonic. Both Nu and Sh profiles exhibit an “entrance
effect” because of developing thermal and concentration boundary
layers [174e176].
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Fig. 24. Schematic of various processes within a catalytic microburner. The mass and
thermal processes are shown on left and right ends, respectively, for clarity; these
processes indeed take place at the same location in a microburner.
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Figure 1.24: Schematic of various processes
within a catalytic microburner. The mass and
thermal processes are shown on left and right
ends, respectively, for clarity: these processes
indeed take place at the same location in a
microburner. Figure extracted from [68].

While bare metal Pt catalyst is unsuitable for
practical applications, it was used because it is a
readily available standard material and was found
to yield very reproducible results. Catalyst perfor-
mance degraded slightly over operating periods of
the order of one week; simply polishing the foil re-
stored catalyst performance. As demonstrated be-
low, performance at low Re was markedly
enhanced by treating the catalyst surface by burn-
ing propane–air mixtures with !5% of the pro-
pane replaced by ammonia, a strong reducing
agent, for one hour; this enhancement would last
for several days of operation. Reduction using
rich propane–air or hydrogen–air yielded no sim-
ilar conditioning benefit. Due to its low heating
value, ammonia was found to have poor extinc-
tion limit performance, thus results with ammonia
as a primary fuel are not reported here.

3. Results and discussion

3.1. Extinction limits

Lean and rich extinction limits were deter-
mined by starting from a steady burning state
and decreasing or increasing the fuel concentra-
tion until steady-state operation ceased and bur-
ner temperatures decayed to ambient. These
limits were independent of the path in mixture—
Reynolds number space used to reach the limit.
Figure 2 shows extinction limits for a three-decade
range of Reynolds numbers, defined based on the
area-averaged inlet gas velocity (U), gas kinematic
viscosity at ambient conditions, and channel width
(3.5 mm). At the highest Re studied (!2000),
weakly turbulent flow is expected near the inlet.
As gas temperature increases, gas velocity in-
creases proportionally due to decreasing gas den-
sity, however, viscosity increases as T1.7, thus Re
decreases to !700 at the burner center, meaning

very weak if any turbulence exists there. Four sets
of curves are shown in Fig. 2, indicating lean and
rich extinction limits for catalytic combustion,
gas-phase combustion, and boundaries of the
‘‘out-of-center reaction zone’’ regime discussed
below, and extinction limits obtained with NH3-
conditioned catalyst.

Figure 2 shows two extinction regimes, one at
high Re where the extinction limit equivalence ra-
tio (/lim) increases slightly as Re increases, and
one at low Re where (/lim) increases considerably
as Re decreases. As shown previously [5–8], these
limits correspond to finite residence time ‘‘blow-
off’’ limits and heat loss induced limits, respec-
tively. The heat-loss limit, which applies to most
of our test conditions, results because (as we will
show) peak temperatures are only weakly depen-
dent on Re, thus heat loss rates are almost inde-
pendent of Re. In contrast, heat generation rates
are proportional to mass flow and thus Re. Con-
sequently, lower Re leads to larger ratios of heat
loss to heat generation rates; extinction results
when this ratio increases to values near unity. At
Re = 980, corresponding to mixture inlet veloci-
ties 10 times the stoichiometric laminar burning
velocity, /lim ! 0.18 compared to /lim ! 0.51 for
conventional propane–air flames. Thus, as shown
previously [2,3], heat-recirculating burners can
greatly augment combustion rates. Weinberg!s
data [2] are not shown in Fig. 2 because no extinc-
tion limits at Re < 500 were reported and because
methane rather than propane fuel was used.

Figure 2 shows that lean limits are extended
slightly and rich limits are extended drastically
using the catalyst. Gas-phase combustion could
not be sustained at Re < 40, whereas with catalyst,
combustion could be sustained at Re ! 1. For
Re < 15, the lean catalytic extinction limit is actu-
ally rich of stoichiometric. Also, rich limits could
be extremely rich, for example /lim > 40 for
Re = 15. No similar trend was found without cat-
alyst; non-catalytic limits were nearly symmetric
about stoichiometric. Figure 2 also shows that
catalyst reduction using ammonia (see Experimen-
tal Apparatus) significantly improves the catalyst
performance, but only for Re < 30, corresponding
to conditions with low maximum temperatures
(due to heat losses) and long residence times.

At high Re, catalytic and gas-phase extinction
limits converge, thus catalysis is ineffective com-
pared to gas-phase combustion. This is probably
because laminar flow prevails, thus the Sherwood
number is constant; consequently mass transfer to
the catalyst does not increase as Re (and therefore
reactant mass flow) increases, meaning that at suf-
ficiently high Re the ratio of mass flux to the cat-
alyst to the total mass flux becomes very small and
only a small fraction of the fuel can be burned
catalytically.

The standard practice of changing fuel–air
equivalence ratio changes two important parame-

Fig. 2. Extinction limit map for catalytic and gas-phase
combustion in the inconel Swiss roll.
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Figure 1.25: Extinction limit map for cat-
alytic and gas-phase combustion in the in-
conel Swiss roll. Figure extracted from [2].

pointed out by Kaisare et al. [67], the reaction area can be widespread when considering cat-
alytic combustion in channels, in opposition to pure gas-phase combustion where flame fronts
of the order of the adiabatic flame thickness are more usual. This can lead to a different stabil-
isation strategy when compared to gas-phase combustion only. When reaching high velocities
in catalytic burners, the reaction zone might spread all along the reactor length, leading to in-
complete combustion. The low flow conversion can be risen by using highly conductive walls
to enhance the preheating of the reactants and favour reactions at the channel entrance. Com-
parisons of catalytic and non-catalytic (gas-phase) combustion stability can be found in the
literature. Although it prevents from radical quenching, catalyst combustion does not suppress
the thermal loss from the wall and is meant to be used conjointly with other methods such as
excess enthalpy configuration, see e.g. the work of Ahn et al. [2] on a Swiss roll catalytic
burner. Figure 1.25 shows, in this case, the drastic extension of rich stability limits in presence
of catalytic combustion, allowing for stable combustion down to unity Reynolds number flows.

It was pointed out in § 1.3.3.6 that the imposition of a high thermal profile allows to sta-
bilise symmetric tulip-shaped flames where slanted flames are usually observed. In the same
way, catalytic walls allow a stronger stability of such flames. Dogwiler et al. [30] studied exper-
imentally methane/air flames stabilised between two horizontal plates spaced 7 mm apart. The
flow is preheated at 700 K and propagates along uniformly hot walls at 1300 K, at an equiva-
lence ratio of 0.35. They pointed out that slanted flames which could not be predicted by their
model, are observed when experimenting with inert walls (figure 1.26(a)), while catalytically
active walls yield stable tulip-shaped flames (figure 1.26(b)). Similar conclusions were drawn
in the numerical study of hydrogen/air flames in a 1 mm channel by Pizza et al. [115], in which
the intensity of surface reactions is progressively raised, leading to enhanced stability of the
tulip-shaped flame along with the suppression of some combustion instabilities.
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Fig. 7. Streamwise centerline OH profiles measured and
predicted after homogeneous ignition for cases (a), (b), and
(c). The predicted profiles have been sifted axially to match
the measured peak OH locations. The predictions corre-
spond to the smooth lines.

Fig. 8. Measured (d1) and predicted (d2) OH concentration maps (in ppm) for the noncatalytic case (d). The tic marks
at the beginning and end of each figure indicate the section of the channel shown. Vertical tic marks also indicate the
measured and predicted homogeneous ignition locations.

subtraction of the intense thermal radiation of the
plates introduced significant errors; thermal radia-
tion affected a zone extending about 0.9 mm from
each plate. It must be stated, however, that the ther-
mal radiation interference did not influence the OH
calibration procedure, as the transverse laser sheet
was kept at a safe distance from both walls. Absolute
measured OH levels are in quite good agreement
with the predictions given the uncertainties in the
OH absorption calibration. Figure 7 presents mea-
sured and predicted centerline OH profiles, the lat-
ter shifted axially to match the measured peak OH
locations; the relaxation of the OH toward its equi-
librium value downstream of the flame is very well
predicted. The overall model performance is hence
considered very good, and in addition, the surface

chemistry mechanism appears to capture the cou-
pling between surface and gaseous chemistries lead-
ing to homogeneous ignition.

Computations were also performed with different
values of the surface site density because this was
the only experimental input not directly measured.
The site density was decreased by a factor of 2 re-
sulting only in small differences (2-mm earlier ho-
mogeneous ignition). A twofold increase in site den-
sity has almost no effect to the calculated
homogeneous ignition location as surface reactions
are close to their mass transport limit.

Finally, experiments and predictions were also car-
ried out with inert Si[SiC] plates in a new case (d)
with the following inlet conditions: u ! 0.33, UIN
! 2.1 m/s, and TIN ! 680 K. Predicted and PLIF-
measured OH distributions are given in Fig. 8. Al-
though the measured and predicted spread angles
are very close to each other, the measured flame
does not form a V-shape but a nearly planar one
extending between both plates. The measured flame
anchoring point is always at x ! 151 mm (under-
predicted by 7 mm), but its location in either the top
or bottom plate is random; the shape of Fig. 8 (d1)
randomly reverts to its symmetric counterpart with
anchoring at the lower plate. The inert case is thus
very sensitive to the boundary conditions. On the
other hand, catalytically assisted combustion pro-
vides strong wall boundary conditions resulting in
increased flame stability. The OH levels are much
higher in the inert case (peak computed levels 3700
ppm and peak measured 4000 ppm). This is a result
of the higher near-wall CH4 concentration in the in-
ert case owing to the absence of fuel depletion by
surface reactions. In addition, the OH levels in the
inert case peak near the wall resulting in a much
stronger PLIF signal with no thermal radiation in-
terference. The position of the homogeneous igni-
tion (x ! 151 mm) does not imply that the inert case

(a) Inert surface

METHANE-AIR HOMOGENEOUS IGNITION OVER PLATINUM 2279

Fig. 6. Measured (a1, b1, c1) and predicted (a2, b2, c2) OH concentration maps (in ppm) for cases (a), (b), and (c),
respectively. The tic marks at the beginning and end of each figure indicate the section of the channel shown. Vertical
tic marks also indicate the measured and predicted homogeneous ignition locations.

has its lowest value near the center of the channel
(!O ! 0.36 at x ! 150 mm), where the wall tem-
perature is highest, and its highest values at the plate
edges, where the wall temperature is lowest (!O !
0.45 at x ! 0 and !O ! 0.41 at x ! 250 mm). All
carbon-containing surface coverages drop sharply af-
ter homogeneous ignition. The foregoing discussion
on surface coverage applies qualitatively to the other
two cases.

In Fig. 6, PLIF-measured and predicted two-di-
mensional OH concentration maps are presented for
all cases. Each measured PLIF image of Fig. 6 is an
average over 100 laser shots. The reproducibility of
the flame position and shape over extended times
was excellent. The color-coded bar at the bottom of
Fig. 6 provides the absolute levels of OH (in ppm)
measured and computed. The OH calibration with
the transverse laser sheet served also as a means to

assess the two-dimensionality of the flame. Trans-
verse OH visualization indicates that there is an ex-
tended (about 6 cm in width) central zone where
two-dimensionality prevails, and only the zones ex-
tending 2 cm from each quartz window show a dis-
tinct three-dimensional saddle shape due to the in-
creased heat losses. The predicted and measured
homogeneous ignition locations in Fig. 6 are in good
agreement with each other. Homogeneous ignition
is underpredicted by 6 mm in (a) and by 7 mm in
(b) and (c). It must be emphasized that accurate pre-
diction of homogeneous ignition is very important in
NOx emission calculations [15]. The sweep angle of
the V-shaped flames is very well predicted, although
the near-wall tails of the measured V-shaped flames
are not well reproduced due to thermal radiation
interference. For the low OH levels of all conditions
and the high-pass filter used for signal collection,

(b) Active surface

Figure 1.26: Measured (1) and predicted (2) OH concentration maps (in ppm) for the non-
catalytic and catalytic cases. Figure extracted from [30].

1.4 Ph. D. thesis objectives and outline

This Ph. D. thesis is part of the project ANR-14-CE05-0030-MAPEE: ‘Microcombustion As-
sistée par Plasma et Excès d’Enthalpie’, by the Agence Nationale de la Recherche (ANR). The
project is conjointly piloted with a team from EM2C-CNRS-UPR288 laboratory, composed of
Amanda Pieyre, Franck Richecoeur and Nasser Darabiha.

For micro-combustion to become a widespread power source for portable devices, deep
progress are still to be made in the comprehension of flame propagation in narrow environments.
Physical phenomena at play in the flame propagation need to be mastered to ensure stable
combustion. In this context, this manuscript treats of the modelling and the understanding
of fundamental physics phenomenology applied to micro-combustion. To build on previous
works about flame/wall interactions, flames topology, flames dynamics and interactions with the
surrounding environment, the most simple configuration of a two dimensional planar channel is
considered. Keeping in mind the industrial objective of building energy producing small-scale
burners, the present Ph. D. thesis is organised around the problem of flame stabilisation in
such devices. In order to allow for self-sustained combustion in the absence of supplementary
energy source such as heating, excess enthalpy or catalytic walls, the characteristic dimension
of the studied channel is chosen slightly above the quenching distance of methane/air flames at
φ = 0.8, i.e. 3 mm [59]. A channel of internal height 5 mm is thus studied, as it allows for
flame stabilisation while exhibiting similar mechanisms as in micro-scale combustion.

To build up on previous numerical works, a specific attention is brought to the modelling
of key phenomena. As the literature review revealed, in small-scale burners, the flame suffers
specific stress including enhanced heat loss. The modelling of kinetics in this precise context
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was few discussed by the community, calling for deeper insight on this aspect. Besides, as the
thermal conditions were shown to influence actively the flame propagation, further analysis is
needed on the thermal coupling between the flame and the wall.

Aside from modelling aspects, this work intends to bring understanding on various physi-
cal phenomena, typical of micro-combustion. First, in the absence of gravity effects, various
analyses are driven. The flame interactions with the flow boundary layer and wall thermal cou-
pling are studied. The influence of the wall thermal characteristics on the flame behaviour is
analysed. The flame behaviour when submitted to a thermal stress is considered. Finally, the
on-earth breaking of flame symmetry observed in small-scale channels is explained. To present
these results, the manuscript is organised as follows.

Chapter 1: Introduction
This chapter depicted how the miniaturisation of portable devices progressively leads to an
industrial context favourable to the study of micro-scale combustion for embedded low power
sources. Subsequently, a literature review, treating from the specificities of micro-combustion to
the modelling strategies in numerical studies and the potential method for managing combustion
at small-scale, was provided. Finally, the Ph. D. thesis objectives were positioned in the light
of the literature review.

Chapter 2: Modelling
First, the aerothermochemistry equations are displayed. The balance equations, variables and
dimensionless number employed to model and describe reactive flows are given along with
details on the combustion reactions modelling. The construction of a solid solver is then detailed
and assessed. The function of this solid solver is to model the heat transfer in the solid and
to couple these last with the reactive flow. Finally, the numerical methods and simulations
parameters used in this Ph. D. thesis, with the code SiTCom-B, are listed.

Chapter 3: Kinetic reduction strategy for small-scale combustion
The quality of the flames dynamics predictions depends strongly on the kinetics modelling. This
chapter is thus dedicated to the building of skeleton mechanisms fitted to small-scale combus-
tion study. The reduction method ORCh (Optimised and Reduced Chemistry) [58] is employed
while determining reference trajectories, for the reduction and optimisation processes, tailored
to small-scale combustion. The comparison of skeleton mechanisms derived with and without
considering these adapted trajectories is provided with respect to the reference detailed GRI-
1.2 mechanism. The 17 species skeleton mechanism, reduced while accounting for trajectories
tailored to small-scale combustion, is shown to replicate with fidelity results from the reference
mechanism.

Chapter 4: Premixed flame/wall interaction in a narrow channel under microgravity: Im-
pact of wall thermal conductivity and heat losses
In this chapter, a methane/air flame stabilized in a 5 mm high channel is studied under micro-
gravity conditions. The response of the premixed flame shape to various operating conditions is
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analysed in terms of flame propagation velocity and flow topology in the vicinity of the reactive
front. A focus is made on the interrelations between the flame speed, the configuration taken by
the flame surface, the flow deviation induced by the heat released and the fluxes at the wall. The
flame couplings with the boundary layer and the thermal exchanges with the channel walls are
highlighted. The influence of the channel thermal properties and heat losses to the ambient, on
the flame dynamics and topology, is then discussed. A regime diagram is proposed to delineate
between flame shapes in order to build a classification versus heat transfer properties.

Chapter 5: Simulating upstream flame propagation in a narrow channel after wall pre-
heating under microgravity
The response of the premixed flame not submitted to gravity effects and initially stabilised in
the narrow channel, is investigated for an amount of heat supplied upstream through the wall.
Various heating intensities are considered and a minimum heating supply is found necessary
to initiate a complete upstream flame translation. A specific attention is paid on the relative
contributions of heat convection in the flow and heat conduction in the solid. The heat trans-
fer mechanism triggering the flame movement is revealed to be mainly convective. The flame
translation is found to be organised in two stages, with first a downstream movement due to
fresh gases expansion because of heating by the wall, followed by the upstream propagation
due to the enhancement of the burning rate by the mixture preheating. The shape, the flash back
speed, and the final position of the flame vary with the amplitude of the heat flux brought to an
external surface of the wall.

Chapter 6: Symmetry of flames stabilized in small-scale channels : Impact of gravity,
external heating and channel dimensions
The symmetry breaking of methane/air flames, propagating in the horizontal narrow channel, is
investigated experimentally (EM2C results), theoretically and numerically. Indeed, in place of
a symmetric flame, EM2C experiments show the stability of a slanted flame with a preferential
anchoring at the top. This result is recovered both when the flame propagates along cold walls
and when it is stabilized and thermally coupled with the channel walls. Numerically, physical
phenomena at play are incorporated progressively to finally show the preponderant role played
by gravity in the symmetry breaking. Theoretical analysis of the configuration predicts that
gravity acts on the flame topology via a modification of the baroclinic term at the flame crossing,
resulting in a deviation of the incoming streamlines in a coherent manner with the experimental
observations. This analysis is supported by the post-processing of a series of simulations. The
methane/air flame numerical simulations performed include complex molecular transport and
the fully coupled solving of heat transfer at and within the wall. Finally, further investigations
show and comment the stabilizing effect of wall heating and flame/wall proximity on the flame
symmetric form, as observed in previous experiments.

Chapter 7: Conclusion and perspectives
First, the conclusion is the occasion for gathering the highlights of this Ph. D. thesis. Then the
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limits of the accomplished work are drawn and a discussion is provided on improvements and
further work to bring to this thesis.

1.5 Publications

1.5.1 Peer-reviewed international journals

This thesis work led to the publication of three peer-reviewed articles.

• K. Bioche, A. Pieyre, G. Ribert, F. Richecoeur, and L. Vervisch. The role of gravity
in the asymmetry of flames in narrow combustion chambers. Combustion and Flame,
203:238-246, 2019

• K. Bioche, G. Ribert, and L. Vervisch. Simulating upstream flame propagation in a nar-
row channel after wall preheating: Flame analysis and chemistry reduction strategy. Com-
bustion and Flame, 200:219-231, 2019

• K. Bioche, L. Vervisch, and G. Ribert. Premixed flame-wall interaction in a narrow chan-
nel: Impact of wall thermal conductivity and heat losses. Journal of Fluid Mechanics,
856:5-35, 2018
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2.1 Chapter summary

This chapter gathers various modelling aspects of the physics under study. Section 2.2 in-
troduces the governing equations of the aerothermochemistry as well as the variables used to
describe the reacting flow. Then, the solver developed and employed to model the thermal
transfer in the channel walls is presented in section 2.3, along with the coupling strategy ap-
plied between the flow and the solid solvers. The solid solver and its coupling with the code
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SiTCom-B are then validated against canonical tests. Finally, section 2.4 describes the numer-
ics used in the code SiTCom-B, from the integration schemes to the simulations parameters and
the method used to stabilise the flames in the channel.

2.2 Aerothermochemistry equations

2.2.1 Mixture properties

Various quantities are useful to describe the composition and state of a reactive mixture. Mass
fraction Yk of a species k is defined as the mass of this species over the overall mass contained
in a control volume V ,

Yk =
mk

m
, (2.1)

while the molecular fraction is defined in an analogous manner based on moles,

Xk =
nk
n
. (2.2)

The molecular weight of species k is noted Wk and gives the molecular weight of the mixture
W , composed of Nsp species, in combination with the molecular fraction,

W =

Nsp∑
k=1

XkWk . (2.3)

Mass and molecular fractions are linked by the relation

Yk =
Wk

W
Xk . (2.4)

The mixture density ρ is defined as
ρ =

m

V
, (2.5)

and is linked to the temperature T and the pressure P through the state equation for ideal gas,

P = ρrT , (2.6)

with r the reduced ideal gas constant, defined from the ideal gas constant R = 8.3144621

J.mol−1.K−1 via
r =

R

W
. (2.7)

Finally, the equivalence ratio φ is a relevant mixture property when studying reactive flows. For
premixed flames, this data is sufficient to quantify the relative concentrations in fuel and oxi-
dizer. It is built to yield unity when fuel and oxidizer are present in concentrations such that they
should theoretically be fully consumed across the flame, the mixture is then said stoichiometric
(st),

φ =
YF/YOx

(YF/YOx)st
, (2.8)

with YF and YOx the mass fractions in fuel and oxidant, respectively. When the equivalent ratio
is less (resp. greater) to one, the mixture is said lean (resp. rich).
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2.2.2 Balance equations

In the following, the transport equations employed to model the flow are recalled. They can
be derived based on the fact that, in a continuous medium, extensive quantities are conserved.
In the case of a reacting flow, typical conservative quantities are ρu, ρY and ρE with u the
velocity vector, Y the species mass fraction vector containing the mass fractions of the Nsp

species and E the specific total sensible or non-chemical energy. Their derivation may be found
in standard books such as the ones by Candel [16] or Poinsot and Veynante [116].

2.2.2.1 Conservation of momentum

In a reacting flow, in the absence of other external body forces than gravity (such as an electro-
magnetic field), the three momentum conservation equations yield for the i-th direction

∂ρui
∂t

+
∂

∂xj
(ρujui) = −∂P

∂xi
+
∂τij
∂xj

+ ρgi , (2.9)

where ui are the components of the velocity vector, τij are the components of the Newtonian
viscous tensor and gi are the components of the gravity acceleration vector. The Newtonian
viscous tensor is written [37]

τij = −2

3
µ
∂uk
∂xk

δij + µ

(
∂ui
∂xj

+
∂uj
∂xi

)
, (2.10)

with µ the dynamic viscosity and δij the components of the Kronecker tensor. This equation is
directly issued from the Navier-Stokes equations [104, 139].

2.2.2.2 Conservation of mass

Unlike the typical mass conservation equation, part of the Navier-Stokes equations,

∂ρ

∂t
+

∂

∂xj
(ρuj) = 0 , (2.11)

multi-species reacting flows require for the solving of the mass conservation equation of each
species. This leads to the solving of Nsp mass transport equations of species k, of the form

∂ρYk
∂t

+
∂

∂xj
(ρ(uj + Vk,j)Yk) = ω̇k , (2.12)

with Vk,j the molecular diffusion velocity of the k-th species in the j-th direction and ω̇k the
chemical source term standing for the production or destruction of species k. In the following
chapters, the chemical source terms will be noted ω̇ρYk . Besides, remarking that

Nsp∑
k=1

Vk,jYk = 0 , (2.13)
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and
Nsp∑
k=1

ω̇k = 0 , (2.14)

one finds that the set of transport equations for ρYk, equation (2.12), ensures the mass conser-
vation, from its summing reduces to the mass conservation equation (2.11). To compute the
molecular diffusion velocity, the approximation of Curtiss and Hirschfelder is employed [26],

Vk,jXk = −Dk
∂Xk

∂xj
(2.15)

with Dk the diffusion coefficient of species k. It is determined as

Dk =
1− Yk

Nsp∑
j=1,j 6=k

(Xj/Dk,j)
(2.16)

withDk,j the binary diffusion coefficient of species k into species j. Nevertheless, this approxi-
mation does not verify the continuity equation, thus a correction velocity is introduced to secure
the mass conservation [45]. In the direction j, the correction velocity Vc,j reads

Vc,j =

Nsp∑
k=1

Dk
Wk

W

∂Xk

∂xj
. (2.17)

Reformulating equation (2.12) from equation (2.15) and adding the correction velocity, the Nsp

species mass transport equations solved yields

∂ρYk
∂t

+
∂

∂xj
(ρ(uj + Vc,j)Yk) =

∂

∂xj

(
ρDk

Wk

W

∂Xk

∂xj

)
+ ω̇k . (2.18)

The Curtiss and Hirschfelder approximation on the molecular diffusion velocity is part of
the mixture-averaged model employed to compute the diffusion properties of the transported
species. In this context, the dynamic viscosity µ for momentum diffusion and the thermal con-
ductivity λ for thermal diffusion, are averaged in the mixture. These mixture properties are
deduced from the pure species properties. The dynamic viscosity is given by [11]

µ =

Nsp∑
k=1

Xk

Nsp∑
j=1

XjΦj,k

µk , (2.19)

with

Φj,k =
1√
8

(
1 +

Wk

Wj

)− 1
2

(
1 +

(
µk
µj

) 1
2
(
Wj

Wk

) 1
4

)2

. (2.20)

The thermal conductivity is determined by [97]

λ =
1

2


Nsp∑
k=1

Xkλk +
1

Nsp∑
k=1

(Xk/λk)

 . (2.21)
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Pure species properties are obtained with the Chemkin interpreter [73] using a third-order fit-
ting procedure (N = 4) based on the coefficients an,k,bn,k and dn,j,k provided in a transport file
following the Chemkin format,

lnµk =
N∑
n=1

an,k(lnT )n−1 , (2.22)

lnλk =
N∑
n=1

bn,k(lnT )n−1 , (2.23)

and

lnDk,j =
N∑
n=1

dn,k,j(lnT )n−1 . (2.24)

2.2.2.3 Conservation of total sensible energy

The conservation equation for total sensible energy reads

∂ρE

∂t
+

∂

∂xj
(ρujE) = −∂Pui

∂xi
+
∂τijuj
∂xi

+
∂

∂xj

(
λ
∂T

∂xj
−

Nsp∑
k=1

ρVk,jh
s
kYk

)
−

Nsp∑
k=1

ho
kω̇k , (2.25)

where hs
k is the specific sensible enthalpy and ho

k is the specific enthalpy of formation of the
k-th species [45]. Soret and Dufour effects are neglected. E denotes the specific total sensible
energy, it accounts for the kinetic and the sensible energies but does not include the chemical
energy,

E =
1

2
u · u +

Nsp∑
k=1

Yk

 T∫
T o

Cv,k(T
+)dT+ − R

Wk

T o

 . (2.26)

with Cv,k the specific heat capacity of species k at constant volume and T o the reference tem-

perature, typically 298.15 K. In the following, the term
(
−∑Nsp

k=1 h
o
kω̇k

)
will often be referred

to as the energy source term or the heat release source term and noted ω̇ρE .

2.2.2.4 Species source term computation

The study of reactive flows requires to consider the combustion phenomenon. Kinetic mecha-
nisms are employed in order to model the large amount of kinetic paths followed by the reactants
to give the products of reaction. The present modelling uses these mechanisms to compute the
species source terms ω̇k appearing in the Nsp species transport equations (2.18) and the energy
conservation equation (2.25). The following describes how these source terms are computed.

A set of Nsp species reacts over Nr reversible reactions. For the Nsp species k of formula
Mk, the kinetic mechanism reads

Nsp∑
k=1

ν ′k,jMk 

Nsp∑
k=1

ν ′′k,jMk , with j ∈ [1, Nr] , (2.27)
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with ν ′k,j and ν ′′k,j the reactant and product stoichiometric coefficients of species k in reaction j.
Please note from the double arrow that reactions are potentially reversible. The global source
term ω̇k of species k is the sum of the contribution ω̇k,j from all reactions j of the mechanism,

ω̇k =
Nr∑
j=1

ω̇k,j = Wk

Nr∑
j=1

νk,jQj , (2.28)

with νk,j = ν ′′k,j − ν ′k,j the stoichiometric coefficient of species k in reaction j and Qj the
reaction rate of reaction j. This rate represents the speed at which reactants are converted into
products, it accounts for forward and backward rates,

Qj = Qf,j −Qb,j (2.29)

with

Qf,j = Kf,j

Nsp∏
k=1

[Xk]
ν′k,j and Qb,j = Kb,j

Nsp∏
k=1

[Xk]
ν′′k,j , (2.30)

where Kf,j and Kb,j are the forward and backward chemical constants of reaction j based on
the Arrhenius law and [Xk] = ρYk/Wk is the molecular concentration of species k. The rate
constant for the forward reaction j, which depends on the temperature, is given by the Arrhenius
law

Kf,j = Af,jT
βjexp

(
−Ea,j

RT

)
, (2.31)

withAf,j the forward pre-exponential factor, βj the temperature exponent andEa,j the molecular
activation energy. The rate constant for backward reactionKb,j can either be computed similarly
from a backward pre-exponential factor Ab,j or deduced from the thermodynamic equilibrium
constant,

Kb,j =
Kf,j

exp
(

∆So
j(T )

R
− ∆Ho

j (T )

RT

) (
P o

RT

)∑Nsp
k=1 νk,j

, (2.32)

where the molecular entropy ∆So
j (T ) and enthalpy ∆Ho

j (T ) are the changes in reaction j, when
passing from reactants to products at the temperature T and the standard pressure P o = 1 atm.
These are computed from the NASA polynomials provided with the kinetic mechanism. The
second method is presently selected to compute the backward chemical constant Kb,j . In the
following, A corresponds to the forward pre-exponential factor.

2.2.3 Dimensionless numbers

To characterise the relative influence of various phenomena, dimensionless numbers are defined.
Some usual numbers are now listed and evaluated for the configuration studied in this Ph. D.
thesis work. The following representative data are employed: ρ = 1.1 kg.m−3, µ = 1.8 ·
10−5 kg.m−1.s−1, `c = 5 mm the characteristic dimension being the channel height, DCH4 =

2.39 · 10−5 m2.s−1, uc = 0.45 m.s−1 the characteristic bulk velocity, Cp = 1077 J.kg−1.K−1

the specific heat capacity at constant pressure and λ = 2.7 · 10−2 W.m−1.K−1. Readers will
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find these values in accordance with the coming observations. First the kinematic viscosity ν is
introduced,

ν =
µ

ρ
, (2.33)

and the thermal diffusion coefficient α,

α =
λ

ρCp
. (2.34)

• The Reynolds number (Re) compares the inertial to the viscous forces. It is used to predict
the appearance of chaotic flows in fluid mechanics, especially the transition from laminar
to turbulent flow,

Re =
ρuc`c

µ
' 130 . (2.35)

In a canal, such a Reynolds number yields the conservation of a laminar flow.

• The Lewis number (Le) is the ratio of thermal diffusivity over mass diffusivity. In com-
bustion this number is widely used as it gives an hint on flame stability with respect to
curved flame fronts. Since depending on the species mass diffusion coefficient, a Lewis
number can be associated to every species, but it usually refers the fuel,

Le =
α

DCH4

' 0.95 . (2.36)

• The Prandtl number (Pr) is the ratio of the viscous diffusion to the thermal diffusion,

Pr =
ν

α
' 0.72 . (2.37)

• The Schmidt number (Sc), here again given for the fuel, is the ratio of the viscous diffu-
sion to the mass diffusion,

Sc =
ν

DCH4

' 0.68 . (2.38)

• The Péclet number (Pe), is the ratio of convective over conductive transfers,

Pe = Re · Pr ' 94 . (2.39)

• The Froude number (Fr), compares the kinetic energy of the flow to its potential gravita-
tional energy,

Fr =
u2

c

g`c
' 3 . (2.40)

2.3 Solid/flow conjugate heat transfer: A solid solver

As evoked in the introduction, the behaviour of flames propagating in small-scale channels
strongly depends on the surrounding thermal conditions. In order to provide a relevant analysis
of the phenomenology occurring in such conditions, the thermal transfer between the flow, the
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flame and the channel walls need to be accounted for. Accordingly, a heat transfer solver was
developed during this Ph. D. thesis, and is now presented. The numerical methods used to
solve the energy equation in the solid are first introduced. The imposition of the boundary
conditions and the strategy selected to couple this solid solver to the flow solver SiTCom-B
are then described. Finally, canonical computations are performed to assess the validity of the
developments, first in 1D and 3D pure heat transfer problems, then in a coupled 1D solid/flow
heat transfer canonical case. Although it will be employed in a 2D framework in the following
of this manuscript, this development allows for complete three dimensional solid heat transfer
computations.

2.3.1 Conservation of energy

In the solid, the conservation of energy equation is solved,

ρsCp,s(Ts)
∂Ts

∂t
= ∇ · (λs(Ts)∇Ts) , (2.41)

where Ts is the temperature, ρs is the density, Cp,s(Ts) is the heat capacity at constant pressure
and λs(Ts) is the thermal conductivity of the solid. The thermal diffusion coefficient in the solid
αs is introduced,

αs =
λs

ρsCp,s
. (2.42)

In the following, variations of thermal conductivity and heat capacity will be accounted for,
from the channel walls temperature varies significantly. Since λs is not assumed constant with
the temperature, the heat equation

∂Ts

∂t
= αs∆Ts , (2.43)

is not recovered. The complete formulation of the first law of thermodynamics accounts for the
variations of the conductivity with the temperature. The decomposition of the divergence of the
heat flux yields∇ · (λs(Ts)∇Ts) = λs(Ts)∆Ts +∇λs(Ts) · ∇Ts. Equation (2.41) gives thus

∂Ts

∂t
= αs(Ts)∆Ts +

1

ρsCp,s(Ts)
∇λs(Ts) · ∇Ts . (2.44)

Please note that, in the rest of this section, the subscript relative to the solid s and the dependency
of the variables to the temperature (Ts) will not be written in order to lighten the notations and
ease the comprehension.

A semi-implicit formulation is elected to model the equation (2.44). The Douglas-Gunn
scheme is employed to solve implicitly the Laplacian of the temperature ∆T (in red) while the
cross product term ∇λ(T ) · ∇T (in black) is solved explicitly and added to the remaining part
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of the Douglas-Gunn algorithm. On the Cartesian grid, this combination yields

∂T n+ 1
3

∂t
= α

1

2

∂2T n+ 1
3

∂x2
+ α

∂2T n

∂y2
+ α
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+

1

ρC

∂λn

∂x

∂T n

∂x
,

∂T n+ 2
3

∂t
= α

1

2

∂2T n+ 2
3

∂y2
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2

∂2T n

∂y2
+

1

ρC

∂λn

∂y
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∂y
,

∂T n+1

∂t
= α

1

2

∂2T n+1

∂z2
− α1

2

∂2T n

∂z2
+

1

ρC

∂λn

∂z

∂T n

∂z
.

(2.45)

The Douglas-Gunn scheme belongs to the alternate direction implicit (ADI) schemes, it is un-
conditionally stable. This type of scheme can only be employed on Cartesian meshes, which is
also the case of SiTCom-B. When compared to the Cranck-Nicholson scheme, which is often
used on unstructured meshes, the advantage of the Douglas-Gunn scheme resides in the scaling.
On one hand, the present formalism requires to invert nx × ny tridiagonal matrices of size n2

z

and to perform analogous operations in the two other directions, nx, ny and nz being the number
of cells in each directions. On the other hand, the Crank-Nicholson scheme requires the use of
more complex and costly methods to solve linear systems, such as the Gaussian Elimination or
the Strassen algorithm for examples.

The present scheme resorting to a combination of explicit and implicit treatment, attention
will be brought to the time step restrictions. For the configurations studied in this Ph.D. thesis,
the cost relating to this solid solver is minor when compared to the flow solver.

2.3.2 Numerical resolution

To provide a clear view of the numerics employed, a complete description of the algorithm
coded in the solid solver is now presented. The equation system 2.45 is temporally integrated
over δt, to pass from iteration n to iteration n+ 1,

T n+ 1
3 = T n +

αδt

2

∂2T n+ 1
3

∂x2
+ αδt

(
∂2T n

∂y2
+
∂2T n

∂z2
+

1

2

∂2T n

∂x2

)
+

δt

ρC

∂λn

∂x

∂T n

∂x
,

T n+ 2
3 = T n+ 1

3 +
αδt

2

∂2T n+ 2
3

∂y2
− αδt

2

∂2T n

∂y2
+

δt

ρC

∂λn

∂y

∂T n

∂y
,

T n+1 = T n+ 2
3 +

αδt

2

∂2T n+1

∂z2
− αδt

2

∂2T n

∂z2
+

δt

ρC

∂λn

∂z

∂T n

∂z
.

(2.46)
The Laplacian is discretized to the second order, for example in the z direction at the position zi,

∂2T n

∂z2

∣∣∣∣
zi

=

Tn
zi+1
−Tn

zi

zi+1−zi −
Tn
zi
−Tn

zi−1

zi−zi−1

zi+1−zi−1

2

. (2.47)

To clarify the notation as well as the implementation, equation 2.47 is reformulated,

∂2T n

∂z2

∣∣∣∣
zi

= az|zi T
n
zi−1

+ bz|zi T
n
zi

+ cz|zi T
n
zi+1

, (2.48)
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with
az|zi =

2

(zi − zi−1)(zi+1 − zi−1)
, (2.49)

bz|zi = − 2

(zi+1 − zi)(zi − zi−1)
, (2.50)

and
cz|zi =

2

(zi+1 − zi)(zi+1 − zi−1)
. (2.51)

One can then write on the vectorial form,

∂2Tn

∂z2
=

bz|lz cz|lz 0 0

az|lz+1 bz|lz+1 cz|lz+1

0

0

az|uz−1 bz|uz−1 cz|uz−1

0 0 az|uz bz|uz







T n|lz
...
...
...
...
...

T n|uz


, (2.52)

with lz and uz the lower and upper indexes bounds in the z direction. The equation system 2.46
is now written as a combination of linear systems,

Tn+ 1
3 = X−1Vn+ 1

3 ,

Tn+ 2
3 = Y −1Vn+ 2

3 ,

Tn+1 = Z−1Vn+1 ,

(2.53)

with for example in the z direction
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2
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2
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,

(2.54)
and the right hand side vectors

Vn+ 1
3 = Tn + αδt
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∂y2
+
∂2Tn

∂z2
+ 1

2

∂2Tn

∂z2
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+

δt
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∂z
.

(2.55)
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One sees in relation 2.55 that the construction of the second and third right hand side vectors of
relation 2.53 requires the resolution of the first and second linear systems of 2.53, respectively.
This makes the Douglass-Gunn an alternate direction method. In practice, these systems are
solved one after the other, via a tridiagonal linear solver based on a Thomas algorithm [145].

2.3.3 Imposition of the boundary conditions

The imposition of the boundary conditions is performed based on relation 2.53. In the simula-
tions of flames propagating in a channel, fluxes are imposed in the solid part at the solid/flow
interfaces as well as on the surfaces open to the ambient. Neumann type of boundary conditions
are employed to prescribe this flux. For example, to impose a flux, ΦBC, at the lower boundary
lz. Z and Vn+1 are modified as follows,

Z(lz, lz) = −1 ,

Z(lz, lz + 1) = 1 ,

Vn+1(lz) =
zlz+1−zlz

λs
ΦBC ,

(2.56)

with λs the conductivity in the solid. Please note that the thermal capacity does not act in the
imposition of the flux, as it will be recalled later. The Dirichlet boundary conditions consist in
prescribing a scalar, naturally the temperature in the present case. This boundary condition is
used in some validation test cases. For example, to impose the temperature TBC on the cell lz.
Z and Vn+1 are modified accordingly to

Z(lz, lz) = 1 ,

Z(lz, lz + 1) = 0 ,

Vn+1(lz) = TBC .

(2.57)

2.3.4 Coupling strategy

In this paragraph, subscripts are employed to specify either the variable belongs to the solid s or
to the flow f. Considering the coupling, two main strategies exist, the sequential and the parallel
coupling. The present code relies on a parallel coupling as described in figure 2.1. Starting at
the coupling iteration n, the temperatures at the interface Tf and Ts (taken at the neighbouring
cells) are gathered and used to compute a new interface temperature T n and the associated flux
Φn. In the fluid solver, the prescribed boundary condition is the temperature T n, prescribed at
the interface, while the flux Φn is imposed in the solid solver. The solid and the fluid solvers ad-
vance in time simultaneously, with the prescribed boundary conditions, until the next coupling
iteration. At this iteration n + 1, the new boundary conditions Φn+1 an T n+1 are once again
computed from the temperatures on each side of the interface, Tf and Ts. Besides, in the present
semi-implicit formalism, the Fourier criterion (Fo) in the solid

Fo =
αδt

δz2 , (2.58)
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Fluid coupling iteration: n
- Former BC: T n−1

- Number of iterations since last
coupling : Nf

- Output: Tf

Solid coupling iteration: n
- Former BC: Φn−1

- Number of iterations since last
coupling: Ns

- Output: Ts

Interface solver:
- Input: Tf, Ts

- Output: T n, Φn

Fluid coupling iteration: n+ 1

- Former BC: T n

- Number of iterations since last
coupling: Nf

- Output: Tf

Solid coupling iteration: n+ 1

- Former BC: Φn

- Number of iterations since last
coupling : Ns

- Output: Ts

Interface solver:
- Input: Tf, Ts

- Output: T n+1, Φn+1

Figure 2.1: Parallel coupling principle.

is fixed to 0.8 to ensure stability and yields far bigger time steps than the Courant-Friedrich-
Levy criterion (CFL) in the gas. Consequently, the relative numerical cost of the solid solver
in front of the fluid solver is low. Accordingly, the coupling of the two solvers, as it does not
impact the overall cost of the simulations, is performed after each solid solver iteration (Ns = 1

in figure 2.1).

Ts
•

Tf
•

δzs δzf

T n•

Φs Φf

Figure 2.2: Interface solver scheme.

The interface solver principle is further depicted in figure 2.2. The thermal fluxes at the
boundary of each solver are set equal, based on the flux continuity at the interface,

Φs = Φf ⇐⇒ λs
T n − Ts

δzs
2

= λf
Tf − T n

δzf
2

. (2.59)
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The interface temperature T n, used as a Dirichlet boundary condition in the flow solver, is then
determined,

T n =

λf
δzf
Tf + λs

δzs
Ts

λf
δzf

+ λs
δzs

, (2.60)

along with the interface flux Φn, used as a Neumann boundary condition for the solid solver,

Φn = Φs = λs
T n − Ts

δzs
2

. (2.61)

2.3.5 Validation

In this paragraph, the solid solver and the conjugate heat transfer with channel flow are validated
in a general three-dimensional framework. One may note that in next chapters, the numerical
simulations of the narrow channel will be performed in two dimensions (x and y directions).

2.3.5.1 Mono-dimensional semi-infinite flat plate

Tb = 500 K• ∇T = 0•
Ti = 300 K

Figure 2.3: Semi-infinite plate test case.

The first test case, in this solver validation process, is the simulation of a semi-infinite flat
plate submitted to a mono-dimensional temperature gradient (see fig 2.3).

 300

 350

 400

 450
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 0  0.1  0.2  0.3  0.4  0.5

T
(K

)

x(m)

Figure 2.4: Temperature profiles at various times in a semi infinite flat plate with Dirichlet
boundary conditions on one side. Dots: SiTCom-B solid solver. Lines: theoretical relation 2.62.
Dark blue: t = 1.7 ms. Red: t = 51 ms. Green: t = 102 ms.
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The domain is initially set at a temperature of T (t = 0) = Ti = 300 K. On the left side of
the domain a Dirichlet boundary condition T = Tb = 500 K is imposed. On the right side a
Neumann boundary condition yielding a zero gradient is prescribed. The temporal evolution of
the temperature profile in the semi-infinite flat plate follows the theoretical relation

T (x, t) = Tb − (Tb − Ti) · erf
(

x

2
√
α · t

)
. (2.62)

Imposing a Neumann boundary condition on the right side does not correspond strictly to
a semi-infinite plate. The comparison with the analytical solution given by such an hypothesis
is nevertheless possible until the temperature rise reaches the Neumann boundary condition.
In the present simulation, the diffusion coefficient in the solid is set to α = 8, 7.10−4 m2.s−1.
Figure 2.4 shows the accordance between the theory and the simulation, validating the solid
solver on this mono-dimensional test case.

2.3.5.2 Three-dimensional diffusion of a Dirac peak

It was evoked previously that the Douglas-Gunn scheme is an alternate direction method. Since
the numerical treatment is not the same in all directions, it is relevant to verify that the scheme
behaves correctly in an isotropic case. As a three-dimensional test case, the diffusion of a Dirac
temperature peak is studied. The temperature profile passing through the peak center follows
the theoretical relation,

T (x, t) = Ti +
k

(4π · α · t) 3
2

· exp
(
−x · x

4α · t
)
. (2.63)
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Figure 2.5: Temperature profiles at various times through a Dirac type temperature peak being
diffused. Dots: SiTCom-B solid solver. Lines: theoretical relation 2.63. Dark blue: t = 0.5 s.
Red: t = 0.8 s. Green: t = 1.1 s. Light blue: t = 1.7 s. Gold: t = 3.5 s.

The parameters of the problem are T (∀x, t = 0) = Ti = 200 K, k = 700 K.m3 and
α = 8, 7.10−2 m2.s−1. Neumann boundary conditions of zero gradients are set on all six faces
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of the cubic domain. As for the previous test case, the analogy between simulation and theory
is valid until the temperature rise reaches the limits of the computational domain. For obvious
numerical validity questions, the initial condition given to the code corresponds to a slightly
diffused Dirac peak. Figure 2.5, which was repeated in the three dimensions, demonstrates that
the results obtained with the solid solver fit theory. The two test cases presented so long validate
the solid solver on pure heat transfer problems.

2.3.5.3 Infinitely Fast Flame test case

The aim of this last test case is to validate the coupling between the solid solver and the fluid
solver SiTCom-B. To do so, the monodimensional test case of the Infinitely Fast Flame (IFF)
is performed. This test was already used for such a purpose by Duchaine et al. [33]. Fig-
ure 2.6 depicts the initial state. A solid (modelled with the solid solver) and a fluid (modelled
with SiTCom-B) exhibiting different temperatures, are put in contact. The two areas start thus
exchanging energy.

Ti,s = 650 K Ti,f = 660 K

T

x

660 K

650 K
x = 0

Figure 2.6: Initial state of the IFF coupling test case. Red line: temperature profile. Black
rectangle: solid area. Gray rectangle: fluid area.
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(a) Solid domain
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Figure 2.7: Temperature profiles at various times in both domains. Zoom in the boundary area.
Dots: SiTCom-B solid solver. Lines: theoretical relation 2.64. Dark blue: t = 3.8 µs. Red:
t = 15.1 µs. Green: t = 37.9 µs. Light blue: t = 1.5 ms.

The temperature profiles in the solid and in the fluid are theoretically described by the rela-
tions,
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Tf(x, t) = Ti,s + bf
Ti,f−Ti,s
bf+bs

· erfc
(
− x

2
√
αst

)
for x < 0 ,

Ts(x, t) = Ti,f − bs
Ti,f−Ti,s
bf+bs

· erfc
(

x
2
√
αft

)
for x > 0 ,

(2.64)

with bf = 10.21 J.m−2.K−1.s−
1
2 the thermal effusivity and αf = 9.6.10−5 m2.s−1 the thermal

diffusion coefficient in the fluid. In the solid, bs =
√
λsρsCp,s and αs = λs/ρsCp,s are deduced

from the parameters λs = 14.03 W.m−1.K−1, ρs = 221 kg.m−3 and Cp,s = 70.3 J.kg−1.K−1.
Figures 2.7(a) and 2.7(b) display the agreement between the theory and the simulation. The

temperatures at the interface tend to the same values in the solid and the fluid parts while the
temporal evolutions of the profiles in both parts follow the theory. Based on the three test cases
provided, the solid solver is considered validated.

2.4 Numerical solving with SiTCom-B

SiTCom-B is a numerical solver of the fully compressible form of the aerothermochemistry
equations. This solver relies on the MPI (Message Passing Interface) libraries allowing for the
paralleling of computations over several thousand processors. In subsection 2.4.1, the various
numerical methods used along the present work are listed point by point. Subsection 2.4.2
gathers the parameters setted in the simulations presented along this work. Finally, an original
method employed to stabilise flames in the channel is presented in subsection 2.4.3.

2.4.1 Numerical methods

The combination of numerical methods used in this work, in the explicit SiTCom-B flow
solver, has been reported previously as a good compromise in terms of computational effi-
ciency and accuracy for the Direct Numerical Simulation (DNS) of laminar and turbulent re-
active flows [13, 31, 32, 91, 92, 98, 112, 141]. The conservation equations of mass 2.18, mo-
mentum 2.9 and total sensible energy 2.25 are solved in their fully compressible form over a
structured mesh in a finite volume formulation resorting to the series of models listed bellow.

2.4.1.1 Space and time integration

The convective fluxes are computed from the fourth-order skew-symmetric-like formulation
introduced by Ducros et al. [34]. Fourth-order centred schemes are employed for the viscous
and diffusive fluxes. Time is advanced with the low-storage fourth-order Runge-Kutta scheme
augmented by Shu et al. [135]. Further information on time step restrictions are given in 2.4.2.3.

2.4.1.2 Artificial viscosity

The skew-symmetric centred scheme is non-dissipative. To prevent from diverging, the fluxes
are thus completed by an addition of the second and fourth-order artificial dissipation terms
introduced by Jameson et al. [57, 142], which are set to their minimum contributions to avoid
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perturbing the molecular diffusive transport of chemical species within the internal flame struc-
ture. This additional numerical flux is controlled by four parameters α1, α2, β1 and β2. The
coefficients α1 = 0.5 and α2 = 0.5 are for the second-order terms, β1 = 0.06 and β2 = 1

for the fourth-order contribution [143]. For a case studied in this Ph.D. thesis, figure 2.8 gives
the evolution of the various fluxes contributions to the momentum equation, at the flame cross-
ing. In the momentum equation case, the contributions to the temporal variation of ρu are
the convective (Cρu), diffusive (Dρu) and artificial (Aρu) ones, while these last result from the
fluxes integration over the control volume. For example, the absolute contribution (in %) of the
convective term displayed in figure 2.8, is defined as

contribC =
| Cρu |

| Cρu | + | Dρu | + | Aρu |
∗ 100 . (2.65)

In the present steady state, the diffusive and convective contributions balance each other, the
norms of their contributions are thus close to 50%, while the artificial viscosity contribution is
shown to be more than three orders bellow the others. The impact of the artificial viscosity on
the results is thus negligible.
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Figure 2.8: Evolution of the momentum equation absolute contributions across the flame studied
in figure 3.7(b), superior half. C stands for convective (Black line), D for diffusive (Red cross)
and A for artificial viscosity contributions (Blue line). YC is a progress variable used to probe
the flame crossing.

In figure 2.8, the progress variable YC is employed to probe across the flame. Indeed, to
track the flame crossing, this progress variable is defined based on the mass fractions of key
species at the equilibrium of an adiabatic stoichiometric CH4/air flame,

YC =
YCO + YCO2 + YH2O(
Y o

CO + Y o
CO2

+ Y o
H2O

)
eq

, (2.66)

with Y o
CO,eq = 0.0089, Y o

CO2,eq = 0.1370 and Y o
H2O,eq = 0.1202. The progress variable is de-

fined to present a monotonic behaviour across the flame. Figure 2.9, which is a close up of a
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flame front, shows the position of some iso-YC lines and the construction of their normals and
tangents.

Figure 2.9: Progress variable YC iso-lines across the flame. The field is coloured with the energy
release source term ω̇ρE .

2.4.1.3 Boundary conditions

One-dimensional Navier-Stokes Characteristic Boundary Conditions (NSCBC) are applied to
the gas phase at the inlet and the outlet [118].

2.4.1.4 Kinetics and transport modelling

Fully transported chemistry is employed. In this method, each of the species present in the
kinetic mechanism is transported in the set of mass equations (2.18). In addition, as presented in
§ 2.2.2.2, the mixture-averaged assumption is employed including the computation of transport
properties from Curtiss and Hirschfelder [26]. This assumption is selected because it yields a
good compromise in cost and accuracy compared to other available methods: on one hand, the
multicomponent method is quite expensive as it resorts to the resolution of linear systems of
dimension Nsp ×Nsp. One the other hand, the simplified model supposing that the species and
energy diffusion are proportional to the viscosity µ, typically computed from the Sutherland
law, may lack of precision.

2.4.1.5 Energy equation resolution in the solid

In the present work, the thermal coupling between the flow and the channel walls is accounted
for. Based on the large difference in characteristic time scales in the solid and the flow, the
de-synchronisation method by Koren [81] is applied to secure a fast convergence toward the
steady state solutions. In this method, the heat capacity of the wall is numerically reduced to
yield a higher diffusion coefficient and accelerate the transfers within the solid. As pointed
out in § 2.3.3, heat capacity plays no role in the computation of boundary conditions, thus
steady states solutions do not vary with this parameter, unlike transient states. Further details
concerning the implementation and validation of the solid solver were given in section 2.3.
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2.4.2 Simulations parameters

Most simulations performed in this Ph. D. thesis yield a flame propagating in a small-scale
channel of internal height `i = 5 mm. The parameters used in the setting of these simulations
are now listed.

2.4.2.1 Domain dimensions

In most cases, the flame is stabilised in the channel via a method presented in subsection 2.4.3.
Then, the origin x = 0 mm of the axial coordinate is taken at the flame position while the
burnt gases far right coordinate is fixed to xmax = 15 mm. The inlet boundary at the left of the
domain, xmin varies with the configuration: this coordinate is setted upstream enough from the
flame position, to ensure a zero-velocity gradient in the stream-wise direction at the inlet while
limiting the computational cost of the simulations. It depends thus strongly on the configuration:

• In the configurations where the thermal coupling between the wall and the fluid is fully
accounted for, xmin = −51 mm is necessary to carefully capture the upstream heat diffu-
sion through the wall and the preheating of the reactants (see chapters 4 and 6).

• In the study of the upstream flame movement after preheating (see chapter 5), xmin =

−101 mm is needed to capture the flame translation while ensuring no inlet effects.

• In the case of a flame stabilised along cold walls, the inlet position could be limited to
xmin = −27 mm.

In the transverse direction, the origin y = 0 mm corresponds to the channel central axis. The
domain then spreads between y = −2.5 mm (wall) and y = 0 mm (axis), when the symmetry
assumption is formulated. When the full channel is considered in the simulation, the domain
spreads between y = −2.5 mm (inferior wall) and y = 2.5 mm (superior wall).

2.4.2.2 Mesh resolution

Two mesh resolutions have been used, δx = 12.5 µm for the detailed chemistry (GRI-1.2) and
δx = 25 µm for the skeleton chemical schemes. A regular mesh composed of squares of side
δx is used from the inlet (xmin) down to x = 9 mm, from where the mesh is progressively
coarsened in the x direction down to the outlet (xmax), with a geometric coefficient of 1.0025.
The span-wise mesh resolution is set to δy = δx, leading e.g. to a mesh composed of 456k cells
in the case of a skeleton scheme employed on the longer domain (xmin = −101 mm).

2.4.2.3 Temporal advancement restriction

When solving the non-linear aerothermochemistry equations, various criteria must be consid-
ered in the limitation of the time steps in order to secure the convergence of simulations. For
all the criteria, a time step is computed in each direction of each cell, and the minimum value is
retained.
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• Concerning the convective terms, the Courant-Friedrichs-Lewy (CFL) number requires
that the information travels less than a cell size during a time step δtC,

(| u | +c) δtC
δx

< CFL , (2.67)

where c is the speed of sound. The CFL number is fixed to 0.6 in all simulations to
ensure stability.

• For the diffusive terms, the Fourier (Fo) number indicates that the time step δtD must
respect,

max
i∈[1,Nvar]

(
Di
δtD
δx2

)
< Fo , (2.68)

with Nvar the number of variables transported and Di the diffusion coefficient of the i-
th transported variable. This diffusion coefficient can either be, the mixture viscosity,
the species diffusion coefficient or the thermal diffusion coefficient, depending on the
equation considered. The Fo number is fixed to 0.2 in all simulations to ensure stability.

• A restriction is also associated to the integration of the source terms. The source terms,
related to the kinetics, might generate non-realistic evolution of mass fraction when in-
tegrated over to large time steps. Typically, due to miscalculated source terms, radical
species present in low concentrations could exhibit negative mass fraction at the flame
front crossing. To prevent from these errors, one imposes the produced or consumed
species mass to be inferior to a ratio Chem = 0.1 of the species mass transported in the
control volume. The time step δtCh should then verify,

max
k∈[1,Nsp]

(
δtCh

| ω̇k |
ρYk + ε

)
< Chem , (2.69)

with ε = 1.0 · 10−12 kg.m−3 introduced to prevent the time step to go to zero when the
mass fraction is null. Note that, when ρYk tends to zero, | ω̇k | typically tends to zero as
well. In this case the chemical time step will not limit the temporal advancement. From
construction, the chemical time step can only exhibit low values where species take part
in some reactions.

Finally, the time step employed in the time advancement is the minimum of all,

δt = min{δtC; δtD; δtCh} . (2.70)

Please note that in the context of this fully explicit solver of the compressible form of the
aerothermochemistry equations, the CFL condition was always found more restrictive than the
Fourier criterion or the criterion for chemistry integration. Finally, in the cases presented during
this Ph. D. thesis, the spatial resolution combined with the CFL stability restriction lead to a
time step limitation of the order of 35 ns for the skeletal mechanisms and 8.4 ns for the detailed
chemistry.
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2.4.2.4 Wall characteristics and coupling with the flow solver

The wall thermal properties are those of fused quartz, accounting for the variation with temper-
ature of the thermal conductivity λs(T ) and calorific capacity Cp,s(T ) [102] (see figure 2.10),
and with a fixed value of the density in the solid ρs = 2200 kg.m−3.
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Figure 2.10: Quartz thermal properties evolution with the temperature, from [102].

The exterior wall surface at the computed temperature Twe exchanges energy with the sur-
rounding air at the fixed temperature To = 300 K with a global convective heat transfer co-
efficient ho = 30 W.m−2.K−1 (unless otherwise stated), which is at the upper limit for nat-
ural convection. The value of this coefficient and of the thermal conductivity in the wall
are varied in some parts of the study (see chapter 4). Radiative heat loss of the solid ex-
ternal surface to the ambient air is accounted for through a gray body hypothesis, with an
emission coefficient ε(T ) decaying linearly from 0.95 at 290 K to 0.75 at 1800 K. There-
fore, over the wall outer surface in contact with ambient air, the boundary condition reads
ne · (−λs∇Ts) = ho(Twe − To) + εσ(T 4

we
− T 4

o ), with σ = 5.670373 · 10−8 W.m−2.K−4

the Stefan-Boltzmann constant and ne the normal vector to the outer wall. The boundary
condition at the wall surface inside the channel expresses the continuity of the thermal flux,
ni · (−λ∇T ) = ni · (−λs∇Ts), where ni is the normal vector to the inner wall. The length of
the channel is large enough so that approaching the extremities of the wall, the thermal fluxes
in both directions become independent of the position. At the inlet, the temperature is 300 K
and at the outlet, the temperature distribution over the wall is computed to match the uniform
fluxes of heat inside the wall extremity, i.e. the temperature gradient at the extremity equals the
one of the first neighbouring cell.

2.4.2.5 Inlet velocity profile

Depending on the dynamic boundary conditions at the solid/flow interface, slip or no-slip wall,
a flat, U , or a Poiseuille, U(1− (2y/`i)

2), velocity profile is imposed at the inlet.
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2.4.3 Numerically stabilizing flames in channels

Stabilising a flame in a channel without thermal forcing is challenging, both in numerics and in
experiments, as it requires to find the inlet mass flow rate that exactly matches the flame burning
rate. The method developed to achieve such a result is now presented.

The mass transport equation for species k (equation 2.18) is first reformulated,

∂ρYk
∂t

+ ∇ · (ρ(u + Vc)Yk) = ∇ ·
(
ρDk

Wk

W
∇Xk

)
+ ω̇k , (2.71)

ρ
∂Yk
∂t

+Yk

(
∂ρ

∂t
+ ∇ · (ρu)

)
︸ ︷︷ ︸
=0 from continuity equation

+ρu ·∇Yk+∇ ·(ρVcYk) = ∇ ·
(
ρDk

Wk

W
∇Xk

)
+ω̇k , (2.72)

ρ
∂Yk
∂t

= −ρu ·∇Yk −∇ · (ρVcYk) + ∇ ·
(
ρDk

Wk

W
∇Xk

)
+ ω̇k . (2.73)

Let’s note uabs
k the absolute displacement velocity within the flame front of an iso-surface de-

fined from the mass fraction Yk. This absolute velocity measured in a fixed laboratory frame is
decomposed into the fluid velocity u and vkn, the relative progression velocity of the surface in
its normal direction n = −∇Yk/|∇Yk|,

ρ
∂Yk
∂t

= −ρuabs
k ·∇Yk = −ρ (u + vkn) ·∇Yk . (2.74)

The combination of equations 2.73 and 2.74 yields,

vk =
−∇ · (ρVcYk) + ∇ ·

(
ρDk Wk

W
∇Xk

)
+ ω̇k

ρ|∇Yk|
. (2.75)

For uabs
k = 0 through the flame, the flow velocity verifies u = −vkn. Then, the bulk velocity

of the incoming flow exactly matches the burning velocity and the flame position is fixed in the
reference frame of the laboratory. To reach this condition in the simulations of the narrow
channel, the pseudo Galilean transformation discussed by Ruetsch et al. [125] to stabilise freely
propagating triple-flames is applied. The component in the stream-wise direction of the absolute
velocity of the CH4 iso-surface is computed at (x?, y?), the location of the peak burning rate of
CH4,

uabs
CH4

(x?, y?) = (u(x?, y?) + vCH4(x
?, y?)n(x?, y?)) · ex , (2.76)

where ex is the stream-wise unit vector and vCH4 is calculated with the relation (2.75). If
uabs

CH4
(x?, y?) 6= 0 the flame moves in the domain, because the relative progression velocity

vCH4(x
?, y?)n(x?, y?) · ex is not balanced by the inflow velocity u(x?, y?) · ex. The stream-wise

flow momentum may be rescaled in ρ(x, y)unew(x, y) over the computational domain, including
boundary conditions, to secure a zero absolute velocity of the reactive front,

ρ(x, y)unew(x, y) = ρ(x, y)u(x, y)−
(
ρ(x?, y?)uabs

CH4
(x?, y?)

)
F (y) . (2.77)

In this relation, F (y) = (1 − (2y/`i)
2) accounts for the boundary layer in the no-slip cases,

while in the slip-wall case F (y) = 1 ∀y. The kinetic energy part of the transported total sensible
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energy is rescaled accordingly. This transformation is applied only every 500 iterations until
uabs

CH4
(x?, y?) < 10−6SL, with SL the burning velocity defined as the inlet bulk velocity. From

this point, the simulation is pursued over 15 characteristic stoichiometric flame times (δF/SL),
to fully secure convergence, with δF the flame thickness. As a check, this procedure was also
applied to one-dimensional flames with an observed speed up of the convergence, to reach
solutions perfectly matching those obtained using the dedicated flame solver Cantera [48].
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Figure 2.11: Evolution of the inlet bulk velocity prescribed at the channel inlet during the
stabilisation process.

This procedure was employed on all the steady state simulations presented in this work,
including more challenging cases of 2D flames propagating in small-scale channels. See for
example the evolution of the flame bulk velocity prescribed at the inlet, subsequently to the
corrections made from equation 2.75, displayed in figure 2.11. This case corresponds to the
simulation in figure 6.7(a), treated later in chapter 6. Initially, the computed flame velocity
undergoes some oscillations due to the imposition of new operating conditions. Then the bulk
velocity evolves smoothly from the absolute flame speed is not zero yet. Finally, the flame burn-
ing rate matches the inlet mass flow rate yielding a motionless steady-state flame. Note that the
transient states are not analysed in this work but are analogous to the process a experimentalist
would follow, while aiming at stabilising the flame, through the setting of the inlet flow valve.
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small-scale combustion
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3.1 Preamble

In the introduction, the thermal coupling between the flame, the flow and the channel walls,
was recalled to be a first order concern when modelling small-scale combustion. The previous
chapter introduced the modelling strategy for the heat transfer coupling between the channel
and the flow. Further, heat loss to the channel walls strongly affect the combustion modelling,
as it rearranges the relative influence of reactions compared to an adiabatic case, and should
be considered when electing or deriving a kinetic mechanism. This chapter is about deriving,
cost-controlled, reduced mechanisms fitted to small-scale combustion.
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3.2 Introduction

In the present work, methane/air flames are studied. Although CH4 is among the most simple
fuels, the detailed mechanisms modelling its combustion in air can reach 32 species and 177
elementary reactions for the GRI-1.2 mechanism [41], or 53 species and 325 reactions for the
most complete GRI-3.0 mechanism [137]. Such complexity requires a tremendous computa-
tional effort, often unrealistic, discouraging the use of detailed mechanisms. Indeed, global and
reduced mechanisms are widely preferred by the CFD community, as they lower the cost and
duration of simulations. The savings due to the reduction of detailed schemes allow for studying
a wider variety of configurations, but the reduction process narrows simultaneously the validity
range of the resulting schemes.

As evoked in the literature review, because of the numerous couplings between chemistry,
heat transfer and flame propagation in flame/wall interactions, the fidelity of chemistry mod-
elling is essential in small-scale combustion. In the following, small discrepancies, of a reduced
to the detailed mechanism on 1D flames, are shown to result in non-negligible differences when
confronted to 2D flame/wall interaction configurations. The derivation of reduced kinetic mech-
anisms tailored for such a purpose would thus be valuable. In this chapter, a reduction method
developed in the CORIA lab by Jaouen et al. [58] is employed to derive reliable skeleton mech-
anisms specific to small-scale combustion study.

Section 3.3 presents the reduction method employed to produce the skeleton mechanisms.
The development of a reduction strategy fitted to small-scale combustion problems is then ad-
dressed in section 3.4. The validity of the derived mechanisms is assessed against the initial
detailed mechanism on canonical (section 3.5) and 2D realistic (section 3.6) cases. Finally, sec-
tion 3.7 comments the computational savings made from the use of the reduced mechanisms.

3.3 Optimised and Reduced Chemistry: ORCh method

Among the vast literature on chemistry reduction for hydrocarbon combustion [111, 148], au-
tomated methods have been recently developed and applied with success to generate skeleton
mechanisms valid under given operating conditions. See the work of Lu et al. [94], Pepiot et
al. [110], Lovas [93], Koniavitis et al. [80] and Jaouen et al. [58]. In these methods, a detailed
chemical scheme is first selected and canonical problems are simulated to generate reference
chemical responses for the mixture evolving from fresh to fully burnt products. Then, a proce-
dure is applied along these chemical evolutions to rank the chemical species and the elementary
reactions according to their relative influence on targeted species, whose responses should stay
close to the detailed chemistry ones. Once the less influential species and reactions removed,
the parameters (pre-exponential factors, temperature exponents and activation energies) of the
remaining skeleton mechanism are sometimes further optimised to better match the reference
detailed chemistry.

In this work, the ORCh (Optimised and Reduced Chemistry) method previously reported in
detail by Jaouen et al. [58] is employed. It relies on the Cantera package [49] for the simulation
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of canonical combustion problems. To reduce the computational cost of the kinetic mechanism,
ORCh applies the following steps:

• A selection of the species and reactions that can be removed from the detailed kinetic
mechanism, without notably modifying the solution, is obtained based on the Directed
Relation Graph with Error Propagation (DRGEP) procedure [94, 110].

• If the Quasi-Steady State [18, 95] (QSS) hypothesis applies to species, these are expressed
analytically as a function of the transported species. This step is not used in the present
work.

• After reducing the number of species and reactions of the complex mechanism down to
a tractable set, the reactions Arrhenius constants are optimised, based on a Genetic Algo-
rithm [119], so that the new scheme fits the best possible the initial detailed mechanism
on the reference configurations.

Please refer to Jaouen et al. [58] for a complete and comprehensive description of this automated
reduction procedure.

3.4 Reduction trajectories for small-scale combustion

There exist many reference detailed methane/air chemistries in the literature, targeting different
objectives. Because of the physical complexity at play in the edge-flame quenching close to the
wall in the narrow channel, none of these schemes can be considered as a definitive reference for
simulating the flame/wall interactions. Accordingly, the objective here is more to quantify the
impact of the choice of the canonical problems for chemistry reduction, than to provide absolute
values on flame speeds and species distributions. However, the detailed mechanism used as a
starting point (GRI-1.2 [41]) has been widely employed as a reference for modelling chemistry
in the study of turbulent lean premixed combustion [132], Bunsen flames [133] and mild com-
bustion [46] via direct numerical simulation (DNS). Tabulation [53] and other reduction [80]
methods were also validated using this scheme. It has again been used to predict methane flames
lift-off height [124], with success. In the present case, this detailed mechanism is of interest be-
cause of its modest size (32 species), which allows for performing a reference two-dimensional
channel flame simulation. Only major species are targeted in the reduction: CH4, O2, H2O, CO2

and CO. These species are qualified as major from they are typically representative of the fresh
or the burnt gases equilibrium. The fitness function defined for optimisation [58] involves the
evolution of these species (versus space or time), temperature and the flame speed in the case
of one-dimensional propagating premixed flames.

Since the present physical configuration exhibits a perfectly premixed inlet, a different skele-
ton mechanism is derived for each of the studied equivalence ratios (φ = 0.7, φ = 0.8 and
φ = 1.0), allowing to further reduce the schemes dimensions. Indeed, the thickening of the
equivalence range targeted, typically requires more complex reduced mechanisms. In the fol-
lowing, only the stoichiometric case is depicted. Appendix A gathers the results for φ = 0.7

and φ = 0.8.
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Among other configurations, the method ORCh permits to perform the complete reduction
based on multiple 1D flames at a time. This possibility allows a better representation of most
multi-dimensional cases, where various kinetic paths are experienced by the reactants. In the
channel, the flame is subjected to quenching at the wall because of heat loss and may potentially
undergo self ignition for an excess of enthalpy transferred to the fresh gases. Three canonical
problems are thus considered during chemistry reduction and optimisation, in which the fresh
gases at atmospheric pressure are those of the stoichiometric CH4/air condition:

• A zero-dimensional homogeneous reactor, whose initial temperature is varied between
1000 K and 1600 K.

• A freely propagating adiabatic one-dimensional premixed flame.

• A set of freely propagating one-dimensional premixed flames subjected to an amount
of heat loss modelled by a linear sink term αloss(T − To), added in the energy equation
for values of αloss increasing up to flame quenching. In this case, the Cantera budget
equations for the multicomponent flow are solved in their one-dimensional form, with an
energy equation cast as,

ρuCp
∂T

∂x
=

∂

∂x

(
λ
∂T

∂x

)
−

Nsp∑
k=1

jkCp,k
∂T

∂x
−

Nsp∑
k=1

hkWkω̇
m
k − αloss(T − To) , (3.1)

where for species k, ω̇mk is the molar production rate, hk is the specific enthalpy and jk
is the diffusive mass flux, which is approximated as in the two-dimensional simulations
from the mixture-averaged model [26]. Other notations were introduced before. The
temperature driving the heat loss from the gas is set to To = 300 K.

Reduction and 1D adiabatic 1D premixed flames Auto-ignition
optimisation configurations premixed flame with heat loss delays

down to quenching
15S-26R (see table 3.3) X

17S-53R-1.0 (see table 3.2) X X X

Table 3.1: Reduction and optimisation trajectories of the two skeleton mechanisms. Both are
reduced from the GRI-1.2 mechanism, at stoichiometric conditions.

A first reduced mechanism, called thereafter ‘15S-26R’ (15 species, H2, H, O, O2, OH,
H2O, HO2, CH3, CH4, CO, CO2, HCO, CH2O, CH3O, N2, and 26 reactions, Table 3.3) is
calibrated to reproduce only the freely propagating flame without heat loss. A second skeleton
mechanism, ‘17S-53R-1.0’ (17 species, adding H2O2 and C2H6 to 15S-26R and 53 reactions
at φ = 1.0, Table 3.2), is generated targeting both the freely propagating premixed flames for
levels of heat loss from adiabatic up to quenching and auto-ignition in homogeneous reactors at
various initial temperatures. Table 3.1 sums up the canonical problems accounted for during the
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Reaction A β Ea

1 O+H2�H+OH 5.010E+04 2.601 6271
2 O+HO2�OH+O2 1.630E+13 0 0
3 O+H2O2�OH+HO2 7.470E+06 1.979 3969
4 O+CH3�H+CH2O 4.610E+14 0 0
5 O+CH4�OH+CH3 1.200E+09 1.481 8726
6 O+HCO�OH+CO 4.450E+13 0 0
7 O+HCO�H+CO2 4.840E+13 0 0
8 O+CH2O�OH+HCO 6.440E+13 0 3473
9 O+CH3O�OH+CH2O 1.780E+13 0 0
10 O2+CH2O�HO2+HCO 1.360E+14 0 38456
11 H+O2+M�HO2+M 5.700E+18 -0.740 0
12 H+2O2�HO2+O2 4.350E+20 -1.660 0
13 H+O2+H2O�HO2+H2O 6.740E+18 -0.670 0
14 H+O2+N2�HO2+N2 1.820E+20 -1.660 0
15 H+O2�O+OH 7.050E+13 0 14056
16 H+HO2�O+H2O 2.080E+12 0 688
17 H+HO2�O2+H2 5.070E+13 0 1057
18 H+HO2�2OH 5.680E+13 0 653
19 H+H2O2�HO2+H2 1.070E+07 2.092 5369
20 H+CH3+M�CH4+M 3.870E+16 -0.480 382
21 H+CH4�CH3+H2 7.880E+08 1.589 10843
22 H+HCO+M�CH2O+M 5.550E+11 0.480 0
23 H+HCO�H2+CO 7.310E+13 0 0
24 H+CH2O+M�CH3O+M 1.010E+12 0.450 2681
25 H+CH2O�HCO+H2 2.570E+10 1.030 3335
26 H+CH3O�H2+CH2O 1.790E+13 0 0
27 H+CH3O�OH+CH3 5.160E+13 0 0
28 OH+H2�H+H2O 3.880E+08 1.560 3568
29 2OH+M�H2O2+M 5.980E+13 -0.250 0
30 2OH�O+H2O 4.260E+04 2.491 0
31 OH+HO2�O2+H2O 1.480E+14 0 0
32 OH+H2O2�HO2+H2O 7.890E+14 0 9135
33 OH+CH4�CH3+H2O 7.240E+07 1.590 3147
34 OH+CO�H+CO2 3.950E+07 1.271 70
35 OH+HCO�H2O+CO 5.620E+13 0 0
36 OH+CH2O�HCO+H2O 4.330E+09 1.231 0
37 OH+CH3O�H2O+CH2O 2.160E+13 0 0
38 2HO2�O2+H2O2 1.780E+11 0 0
39 2HO2�O2+H2O2 5.800E+14 0 12239
40 HO2+CH3�O2+CH4 1.390E+12 0 0
41 HO2+CH3�OH+CH3O 3.050E+13 0 0
42 HO2+CO�OH+CO2 2.450E+14 0 23452
43 HO2+CH2O�HCO+H2O2 1.270E+12 0 7709
44 CH3+O2�O+CH3O 2.780E+13 0 28747
45 CH3+O2�OH+CH2O 2.070E+10 0 9098
46 CH3+H2O2�HO2+CH4 2.790E+04 2.631 4921
47 2CH3+M�C2H6+M 1.190E+16 -0.820 605
48 CH3+HCO�CH4+CO 3.430E+13 0 0
49 CH3+CH2O�HCO+CH4 3.570E+03 2.721 6054
50 HCO+H2O�H+CO+H2O 1.040E+18 -0.890 17099
51 HCO+M�H+CO+M 1.370E+17 -0.870 16643
52 HCO+O2�HO2+CO 4.880E+12 0 398
53 CH3O+O2�HO2+CH2O 4.280E-13 7.943 0

Table 3.2: 17S-53R-1.0 kinetic mechanism. Units are mol, s, cm3, cal and K. Reduced CH4/Air
scheme for the modelling of small-scale combustion at stoichiometric condition. The Chaperon
efficiencies of the GRI-1.2 mechanism are preserved for both three-body and fall-off reactions.
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Reaction A β Ea

1 O+CH3�H+CH2O 1.710E+14 0 0
2 O+CH4�OH+CH3 8.680E+08 1.48 8691
3 H+O2(+M)�HO2(+M) 2.270E+18 -0.81 0
4 H+2O2�HO2+O2 8.870E+19 -1.65 0
5 H+O2+H2O�HO2+H2O 1.600E+19 -0.69 0
6 H+O2+N2�HO2+N2 2.020E+20 -1.7 0
7 H+O2�O+OH 8.840E+13 0 14475
8 H+HO2�2OH 1.720E+14 0 640
9 H+CH3(+M)�CH4(+M) 5.200E+16 -0.6 387
10 H+CH4�CH3+H2 7.000E+08 1.6 11035
11 H+CH2O(+M)�CH3O(+M) 9.590E+11 0.45 2604
12 H+CH2O�HCO+H2 3.900E+10 1.06 3249
13 H+CH3O�OH+CH3 3.320E+13 0 0
14 OH+H2�H+H2O 2.060E+08 1.53 3441
15 2OH�O+H2O 3.690E+04 2.4 -2057
16 OH+HO2�O2+H2O 5.210E+13 0 -503
17 OH+CH4�CH3+H2O 9.330E+07 1.57 3235
18 OH+CO�H+CO2 4.300E+07 1.21 70
19 OH+CH2O�HCO+H2O 4.310E+09 1.17 -448
20 HO2+CH3�OH+CH3O 1.300E+13 0 0
21 CH3+O2�O+CH3O 2.450E+13 0 29409
22 CH3+O2�OH+CH2O 5.140E+10 0 8593
23 HCO+H2O�H+CO+H2O 2.750E+18 -0.98 17220
24 HCO+M�H+CO+M 5.930E+17 -0.95 17320
25 HCO+O2�HO2+CO 6.950E+12 0 402
26 CH3O+O2�HO2+CH2O 4.280E-13 7.67 -3643

Table 3.3: 15S-26R kinetic mechanism. Units are mol, s, cm3, cal and K. Reduced CH4/Air
scheme for the stoichiometric adiabatic condition. The Chaperon efficiencies of the GRI-1.2
mechanism are preserved for both three-body and fall-off reactions.

reduction and optimisation of the two skeleton mechanisms. The 15S-26R scheme is derived
only for the stoichiometric case while different 17S-53R schemes are obtained for the three
targeted equivalence ratios. Please refer to appendix A for 17S-53R-0.8 at φ = 0.8 and for 17S-
53R-0.7 at φ = 0.7. In the three 17S schemes, the species and reactions are conserved, while the
equivalence ratio varies, making their discrepancies result from the reaction rates optimisation
only.

3.5 Results on canonical problems

3.5.1 1D premixed flames with and without uniform heat loss

Figure 3.1 shows the flame speeds obtained with the two skeletal mechanisms and the detailed
chemistry. The parameter αloss is varied from the adiabatic condition (αloss = 0) up to flame
quenching, i.e. a solution is converged for every value of αloss. Quenching is observed for
αloss = 85.4 kW.m−3.K−1, with the reference detailed mechanism. As expected, the departure
found including only the adiabatic condition during reduction and optimisation of the chem-
istry, almost vanishes adding the flames with heat losses and auto-ignition. The heat loss co-
efficients leading to complete flame quenching are αloss = 68.5 kW.m−3.K−1 for 15S-26R and
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83.3 kW.m−3.K−1 for 17S-53R-1.0, respectively. The 20% error made on the parameter cali-
brating the amount of heat loss needed to quench the flame with 15S-26R is therefore reduced
down to 2.5% with 17S-53R-1.0.
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Figure 3.1: Flame velocity vs heat loss coefficient. Black circle: detailed chemistry [41]. Red
square: 15S-26R (Table 3.3). Green star: 17S-53R-1.0 (Table 3.2). Symbols mark the flame
quenching.
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Figure 3.2: Premixed flame with heat loss. Temperature and velocity. Detailed chemistry (GRI-
1.2 [41]): black lines. 15S-26R (Table 3.3): hollow markers (red). 17S-53R-1.0 (Table 3.2):
full markers (green). αloss = 0 kW.m−3.K−1: solid line and squares. αloss = 5 kW.m−3.K−1:
dashed line and circles. αloss = 25 kW.m−3.K−1: dash-dotted line and triangles. αloss =

80 kW.m−3.K−1: dotted line and diamonds.

The distributions of temperature, velocity, major and minor species mass fractions obtained
with the 15S-26R (red in figures) and 17S-53R-1.0 (green) chemical kinetics are compared in
figures 3.2-3.4 to the detailed reference mechanism (black). Note that for the 15S-26R mecha-
nism, the case with αloss = 80 kW.m−3.K−1 is already quenched. For the lower levels of heat
loss, figure 3.2(a) suggests that the performances of the 15S-26R chemistry are satisfying on
the temperature profiles.
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Figure 3.3: Premixed flame with heat loss. Target species. Detailed chemistry (GRI-1.2 [41]):
black lines. 15S-26R (Table 3.3): hollow markers (red). 17S-53R-1.0 (Table 3.2): full markers
(green). αloss = 0 kW.m−3.K−1: solid line and squares. αloss = 5 kW.m−3.K−1: dashed line
and circles. αloss = 25 kW.m−3.K−1: dash-dotted line and triangles. αloss = 80 kW.m−3.K−1:
dotted line and diamonds.
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Figure 3.4: Premixed flame with heat loss. Representative minor species. Detailed chemistry
(GRI-1.2 [41]): lines. 15S-26R (Table 3.3): hollow markers (red). 17S-53R-1.0 (Table 3.2):
full markers (green). αloss = 0 kW.m−3.K−1: full line and squares. αloss = 5 kW.m−3.K−1:
dashed line and circles. αloss = 25 kW.m−3.K−1: dash-dotted line and triangles. αloss =

80 kW.m−3.K−1: dotted line and diamonds.
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In fact, for 15S-26R a small discrepancy (1.4%) on the adiabatic flame speed exists (figure 3.1),
without much consequence on the adiabatic flame temperature profile (figure 3.2(a)). Con-
sidering heat loss, the scenario is quite different. The underestimation of the flame velocity
(figure 3.1), increasing the residence time of particles, results in an overestimation of the heat
loss in the burnt gases. Thereby, the temperature profiles fit less and less the reference in the
presence of increasing levels of heat losses (see figure 3.2(a)), ending up with the anticipation
of quenching reported above. Figure 3.2(b) also permits to observe the increase of the velocity
gap, between the 15S-26R and the GRI-1.2 mechanisms, when approaching quenching. The
17S-53R-1.0 mechanism allows for overcoming these deficiencies.

Target species are first analysed in figure 3.3, such as CH4 (figures 3.3(a)) and O2 (fig-
ure 3.3(b)). Although results given with 15S-26R are satisfying under the adiabatic condi-
tion, they depart from the reference for intermediate values of heat loss coefficient, as αloss =

25 kW.m−3.K−1. This departure is reduced with the 17S-53R-1.0 mechanism, as it is also the
case for CO (figure 3.3(e)). Considering the minor species mass fraction profiles in figure 3.4,
some species predictions are also improved with the 17S-53R-1.0 compared to the 15S-26R
scheme. It is the case for HCO (figure 3.4(b)) and CH3O (figures 3.4(a)). Some other minor
species find their prediction deviated from the detailed mechanism, see HO2 (figure 3.4(f)) or
CH3 (figure 3.4(i)), as one shall recall that the fitness function permits to optimise the kinetic
mechanism for targets while considering other parameters as degrees of freedom.

3.5.2 Auto-ignition delays

It is well-known from the literature that reduced mechanisms can hardly match both, premixed
propagating flame properties undergoing heat loss, and auto-ignition delay. Figure 3.5 shows
that the 17S-53R-1.0 scheme derived from an automated method allowing for targeting multiple
canonical problems, also perfectly matches the auto-ignition delay for To ∈ {1000 K: 1600 K}.
As expected, the 15S-26R skeletal mechanism, whose reduction and optimisation procedure
lack the auto-ignition problem, fails to pass this last test (figure 3.5).
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Figure 3.5: Auto-ignition delays. Black circles: detailed chemistry [41]. Red squares: 15S-26R
(Table 3.3). Green stars: 17S-53R-1.0 (Table 3.2).
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3.6 Results on the 2D case of a flame propagating in a small-
scale channel

In this paragraph, the skeletal kinetic flames stabilised in the 2D narrow channel are compared
to the channel flame computed with the detailed GRI-1.2 mechanism (figure 3.7). Because of
the channel dimensions, the close to unity Lewis number of the mixture and the absence of
gravity, the problem may be assumed symmetrical with respect to the longitudinal mid-plane
(y = 0) [43, 85]. The validity of this hypothesis is confirmed in figure 3.6, comparing flame
shapes obtained with and without formulating the symmetry assumption (computation with the
17S-53R-1.0 scheme).

Figure 3.6: Heat release source term distributions. Top: view of top-half channel with full
domain simulation. Bottom: simulation with symmetry hypothesis.

The so-called tulip flame topology is obtained in all cases. This shape yields a concave
flame front relative to the fresh gases, on the axis of symmetry, with inflexion points near
the walls. As shown in appendix C, the flame shape depends on the equivalence ratio and
in the present stoichiometric case, the topology of the reactive front is explained by the heat
retrocession by the wall [89]. Part of the heat transferred to the wall by the flame and the
burnt gases, is conducted within the wall up to the fresh gases, therefore upstream of the flame
position. This recirculation of energy leads to the development of a thermal boundary layer,
preheating the fresh gases and enhancing combustion close to the wall. The edge flame near the
wall is thus positioned upstream of the centreline (axis of symmetry) reaction zone (figure 3.7),
a behaviour also supported by the lower velocity close to the wall. Finally, at the very edge
of the reaction zone submitted to intense heat transfer to the wall, the reaction rate decreases
dramatically along with the local propagation velocity of the reactive front, which leads to the
formation of an inflection point. There the flame points downstream toward the wall, to finally
be quenched. Further analysis on the various parameters controlling the flame topology and
velocity are provided in chapter 4.

Coming back to the evaluation of the skeleton schemes. The flame length is shorten with
the 15S-26R chemistry (figure 3.7(a)), resulting in an error of 13.2% on the bulk flame velocity
with respect to the detailed mechanism. A departure which is reduced to 1.6% when using the
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(a) 15S-26R (Table 3.3) against GRI-1.2 [41] (b) 17S-53R-1.0 (Table 3.2) against GRI-1.2 [41]

Figure 3.7: Heat release rate distribution. Comparison between the reduced schemes and the
reference detailed mechanism.
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Figure 3.8: Comparison of longitudinal profiles in the 2D case. Temperature, velocity and
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(red). 17S-53R-1.0 (Table 3.2): full markers (green). y = −0.5 mm: full line and circles.
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17S-53R-1.0 skeletal mechanism, interestingly with only the supplemental cost of solving for
two additional species, C2H6 and H2O2, the latter being reported in the literature as a marker
of auto-ignition [50, 105]. Figure 3.7(b) shows that the overall flame topology is also better
reproduced. Further comparison of the three kinetic mechanisms is provided in figure 3.8. It
points out the excellent accordance in velocity, temperature and species profiles of the 17S-
53R-1.0 scheme with the reference GRI-1.2 mechanism on this complex physical set up, both
close to the wall (y = −2.3 mm) and to the axis (y = −0.5 mm).

Table 3.4 gathers various characteristic results for the three chemical mechanisms, pointing
out the overall benefit of reducing and optimising the scheme against canonical problems rep-
resentative of the multi-physics character of the study (flame propagation, heat loss at the wall
and auto-ignition).

GRI-1.2 17S-53R-1.0 15S-26R Units
SL 53.65 52.79 46.55 cm·s−1

∆SL – 1.6 13.2 %
max(ωρE) 6.14 5.96 5.30 GW·m−3

max(Tsolid) 1156 1156 1142 K

Table 3.4: Comparison of the three kinetic mechanisms on the 2D case. SL: flame speed. ∆SL:
error to the reference GRI-1.2 flame speed. max(ωρE): maximum heat release rate in the flame.
max(Tsolid): maximum temperature in the solid wall.

3.7 Computational performances

The objective of reducing kinetic mechanisms being to limit the computational efforts and allow
for addressing multiple cases, the performances related to each of the mechanisms employed are
now evaluated. Different mesh resolutions are required, depending on the scheme running. For
each mechanism, appendix B gathers the test of several mesh resolutions on adiabatic flames.
Errors made from the discretisation in SiTCom-B are then evaluated and a mesh refinement is
selected in the light of the expected time of return and precision. In the case of the detailed
GRI-1.2 mechanism, the mesh resolution selected to capture the flame front is δx = 12.5 µm.
The skeleton mechanisms permit for increasing the mesh size up to δx = 25 µm due to the
removal of some radical and intermediate species.

GRI-1.2 17S-53R-1.0 15S-26R Units
δt 8.4 16.8 16.8 ns
tCPU (1 ms) 38309 4310 4090 s

Table 3.5: Computational performances associated with each of the kinetic schemes applied to
the case in figure 3.7.
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For the three mechanisms employed at stoichiometric conditions, table 3.5 gathers the con-
trolling time step and the CPU time required to simulate 1 ms of physical time. CPU time
is defined as the number of processors multiplied by the duration of the computation. In all
cases, the time step restriction is dictated by the CFL condition, with a coefficient fixed at
0.6 to ensure stability. These data were collected on simulations of the stoichiometric flame
thermally coupled with the channel walls (see previous section, figure 3.7). The mesh reso-
lution in the flame front was indeed twice thinner in the detailed chemistry case than for the
reduced chemistries. The 1.6 % error achieved by the 17S-53R-1.0, on the flame velocity of the
thermally coupled flame/wall case, accounts thus for the coarsening of the mesh.

In table 3.5, when comparing the detailed to the reduced mechanisms, one remarks that the
resolution of a lower amount of species transport equations 2.12, combined with the possible
coarsening of the mesh is followed by a decrease of the CPU time of one order. When comparing
the two reduced mechanisms, the time steps are logically the same. Indeed it depends on the
mesh resolution, unchanged, and the convective velocity plus the sound speed, the first being
negligible in front of the second (see equation 2.67). Finally, compared to the 15S-26R, the
5 % increase in CPU time of the 17S-53R-1.0 scheme comes from the additional 2 transport
equations solved. Finally, the use of the 17 species mechanism yields 21 transport equations (3
for momentum, 1 for energy and 17 for species), against 19 for the 15 species mechanism.

Due to the low velocity of the flow entering the channel and the consideration of the ther-
mal coupling with the channel walls, it is quite long for computations to reach the steady state.
The cost of the reference GRI-1.2 mechanism simulation attains 1200k CPU hours. This corre-
sponds to 49 runs of two days over 512 processors.

In conclusion, the use of reduced mechanisms decreases drastically the duration of compu-
tations, allowing for the coming studies. Furthermore, when compared to classical adiabatic
trajectories, the increase of the reduced mechanism size due to the consideration of reduction
trajectories adapted to small-scale combustion is shown not to impact significantly the cost of
simulations.
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4.1 Introduction

In this chapter, the flow physics controlling the stabilisation of a stoichiometric laminar pre-
mixed flame in a narrow channel (`i = 5 mm) is revisited from numerical simulations. Com-
bustion is described with complex chemistry and transport properties, along with a coupled
simulation of heat transfer at and within the wall. To conduct a thorough analysis of the flame-
wall interaction, the steady flame is obtained after applying the procedure to find the inlet mass
flow rate that exactly matches the flame mass burning rate (see § 2.4.3). Objectives of this
chapter are:

• To analyse the response of the premixed flame shape to various operating conditions in
terms of flame propagation velocity and flow topology in the vicinity of the reactive front.

• To clarify the interrelations between the flame speed, the configuration taken by the flame
surface, the flow deviation induced by the heat released and the fluxes at the wall.

• To provide scaling laws for the flame speed under the various configurations.

• To produce a regime diagram delineating between flame shapes in order to build a classi-
fication versus heat transfer properties.

First, section 4.2 depicts the configurations under study and advances a strategy to isolate
boundary layer effects from wall thermal coupling. In section 4.3, a preliminary analysis of
a scaling law for the burning velocities observed is conducted, versus the reference stoichio-
metric planar flame speed, the flame surface and the amount of heat losses at the wall. The
influences, over the flame behaviour, of the dynamic boundary layer and of the thermal cou-
pling with a quartz wall are then analysed in sections 4.4 and 4.5, respectively. Finally, the
flame response to variations of the wall thermal conductivity and the external convective co-
efficient is analysed. In section 4.6, a regime diagram for flame velocity and topology is built
against heat-transfer properties. The major part of this chapter is the object of a publication in
the international Journal of Fluid Mechanics in 2018 [10].

4.2 Configuration

As exposed in § 1.3.3.6, because of the close to unity Lewis number of the methane/air mixture,
the absence of gravity and the dimensions of the channel, the problem is supposed symmetrical
with respect to the longitudinal mid-plane y = 0 mm (figure 4.1). In chapter 3, figure 3.6 shows
that this hypothesis is valid under the present conditions, while further analysis on this point
is provided in chapter 6. Presently, a stoichiometric mixture of methane/air at the ambient air
temperature To = 300 K and atmospheric pressure, flows in a laminar regime from the left into
the channel at the mass flow rate Q̇m, with the bulk velocity SL = Q̇m/(ρoA), where ρo is the
density of the fresh gases and A = (`i/2) × 1 is the channel half section. (‘×1’ denotes the
third direction, in which the problem is assumed uniform.) Because this part of the study was
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Figure 4.1: Cases simulated. Internal channel height: `i = 5 mm. External channel height:
`e = 7 mm.

chronologically performed before the reduction of the skeleton mechanism 17S-53R, the 15S-
26R scheme is presently used. In chapter 3, the 15S-26R mechanism was demonstrated to give
the same global flame topology as the detailed GRI-1.2 mechanism in the complex flame/wall
coupled configuration, justifying for the coming study. To answer to the objectives of the present
chapter, flames stabilized in the channel by an incoming flow have been obtained for various
wall boundary conditions (figure 4.1). To isolate the various effects at play, three simulations
are examined (figure 4.2): a flame propagating in a channel with a slip wall at 300 K; a no-slip
wall at 300 K and finally a quartz wall with solid heat-transfer coupled to the flow:

• The comparison of the two isothermal cold wall simulations allows for isolating the
flame/boundary layer interaction from the influence of thermal coupling with the wall.

• Comparing the no-slip wall simulations, with and without thermal coupling with the wall,
the influence of heat-transfer can be discussed.

• In last section the impact of the wall heat-transfer properties is then further examined and
the results collected in a diagram that delineates between the flame regimes observed in
the simulations. Parameters are thus varied based on the initial quartz wall configuration.

The freely propagating adiabatic flame speed taken as reference for normalisation of the
results is So

L = 0.3803 m.s−1, the corresponding adiabatic flame temperature is T o
F = 2231 K,

the thermal flame thickness based on the temperature gradient is δo
F = 451 µm and the peak

of heat release rate is ω̇o
ρE = 4.10 GW.m−3. This reference corresponds to the adiabatic flame
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(a) Slip and isothermal wall at 300 K

(b) No-slip and isothermal wall at 300 K

(c) No-slip quartz wall with heat transfer

Figure 4.2: Above symmetry-axis: Pressure. Below symmetry-axis: heat release source term.
Black line: iso-YC = 0.7. Vector: flame front normal toward fresh gases. Flow from left to
right. Zoom in the flame zone. 15S-26R scheme.
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computed with the 15S-26R mechanism over a 25 µm mesh resolution (see appendix B). Ap-
proaching the cold wall, the flame surface will be considered quenched when the local heat
release rate is an order of magnitude below ω̇o

ρE , value at which the relative displacement speed
of the front vanishes.

The flame stabilized in the narrow channel is obtained starting from a preliminary simulation
of a one-dimensional freely propagating and adiabatic stoichiometric premixed flame. This
flame solution is applied to the two-dimensional domain, first imposing the flame temperature
profile in the wall. Then, the temperature in the wall is relaxed progressively to To = 300 K,
to reach the first case of a slip isothermal wall (figures 4.1 and 4.2(a)). From this converged
solution, the no-slip isothermal wall case is addressed by modifying both the inlet profile and
the wall boundary condition (figure 4.2(b)). Finally, the last case is obtained coupling the flow
solver with the solution of heat transfer at and within the wall (figure 4.2(c)). As exposed by
Weinberg et al. [156] and Vican et al. [152], most small-scale burners rely on anchored flames
rather than moving ones and having stable flames exchanging heat with the wall is more likely
in practice. The objective is thus to exactly match the flow rate with the flame burning rate
in order to control the flame location. Also, for each of these converged solutions, the flame
is freely stabilized in the channel by the incoming flow, after applying the specific transient
procedure based on a pseudo-galilean transformation presented in subsection 2.4.3. Notice that,
due to the large heat capacities of solids, the heat wave in the solid propagates upstream at a
much slower speed than the flame. In case the mass flow rate would be significantly below the
overall flame burning rate, the reaction zone would therefore propagate upstream over a wall at
300 K. Thus, an upstream flame movement actually corresponds to a flame propagating over an
isothermal wall (figure 4.2(b)). The flame moving downstream in the channel is not considered
here because, in a real small-scale combustion devices, it would correspond to flame blow-off
due to lack of proper system calibration, an issue which is out of the scope of this study.
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Figure 4.3: Flame properties. Quartz wall: Heat conductive-wall.
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Wall Slip Slip No-slip No-slip Units
Adiabatic 300 K 300 K heat transfer

TF 2231 2104 2070 2067 K
δF 451 444 423 338 µm
ΣF 2.5 3.76 3.01 3.31 mm
kw – 112 87 59 W.m−2.K−1

SL/S
o
L 1 1.23 0.96 1.22 –

SL 0.3803 0.4670 0.3640 0.4655 m.s−1

SL Eq. (4.1) – 0.4562 0.3655 0.4496 m.s−1

∆SL – 2.3 0.4 3.4 %

Table 4.1: Flame parameters. TF: maximum temperature in the burnt gases. δF: thermal flame
thickness on the axis. ΣF: flame length. kw: wall heat transfer coefficient inside the channel.
SL: flame speed. So

L: adiabatic flame speed. ∆SL: Departure between SL by Eq. (4.1) and by
simulation.

4.3 Analysis of the burning velocity

4.3.1 Observations

First focusing on the gas temperature evolution in figure 4.3(a). Quite naturally, from the en-
hanced heat transfers at the wall, the centreline gas temperature decrease follows a steeper slope
in the isothermal cold wall cases than in the thermally coupled case. As one might expect, all
temperatures stay bellow the adiabatic flame temperature.

Besides, the flame burning velocity SL is defined as the bulk velocity computed from the
mass flow rate in the channel (table 4.1). As referred above, the adiabatic methane/air flame
propagates at So

L = 0.3803 m.s−1 with the 15S-26R reduced chemical mechanism. The slip-wall
at 300 K leads to SL = 0.4670 m.s−1 > So

L, the no-slip wall at 300 K to SL = 0.3640 m.s−1 <

So
L and the no-slip wall with heat transfer SL = 0.4655 m.s−1 > So

L (figure 4.2). Therefore, the
flame speed increases with edge-flame quenching at an isothermal cold and slip-wall, decreases
with the introduction of the boundary layer, to increase again with heat transfer coupling within
the wall.

In all cases, heat loss at the wall quenches the flame. Moving along the flame surface from its
peak value on the centreline to the quenched zone, with isothermal walls the heat release source
term decreases first exponentially to then follow an almost linear decay, before a drop toward
quenching (figure 4.3(b)). The maximum heat release rate located at the axis of symmetry
differs from the reference adiabatic one, it reaches 94% of ω̇o

ρE in the case of an isothermal
slip wall, 96% with an isothermal no-slip wall and 129% for a wall with heat transfer. In the
latter, the heat release first decays linearly from the axis, before a rapid decrease follows with a
response similar to the isothermal wall cases.

As previously discussed in the literature by Gonzalez et al. [47] and Michaelis et al. [99],
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the shape taken by the flame strongly depends on the wall boundary conditions (figure 4.2). On
one hand, the slip isothermal wall promotes a shape convex toward the fresh gases (a mushroom
shape) and the boundary layer flattens the flame along the axis, as observed by Kim et al. [78].
On the other hand, the heat transferred in the wall fastens the reaction zone at the wall so that the
flame front recedes on the axis of symmetry. The flame becomes then concave toward the fresh
gases close to the axis (a tulip shape). This topological change was already observed by Clanet
et al. [22] in the case of flames propagating in half open channels, and discussed by Norton
et al. [106] and Li et al. [89] in the case of a flame anchored near the inlet of a small-scale
combustion device.
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Figure 4.4: Flame shape defined from the maximum heat release rate (symmetry axis: y = 0,
wall: y = −2.5 mm).

The flame length is measured following the peak heat release rate along the curve front and
is denoted ΣF (see figure 4.4). Flame lengths are listed in table 4.1, for all configurations. In
the case of an adiabatic wall, the one-dimensional flame is actually recovered with Σo

F = `i/2 =

2.5 mm, the distance between the axis and the channel walls. With a slip wall at 300 K, the
lengthening of the flame gives ΣF/Σ

o
F = 1.50. The increase in burning velocity is SL/S

o
L =

1.23, hence smaller than ΣF/Σ
o
F because of the decay of the burning rate when approaching

flame quenching at the wall (figure 4.3(b)). The no-slip condition at 300 K gives ΣF/Σ
o
F = 1.20

for SL/S
o
L = 0.96. The addition of heat transfer in the wall leads to SL/S

o
L = 1.22 with

ΣF/Σ
o
F = 1.32.

4.3.2 Scaling law

One might guess that the flame acceleration is directly proportional to the length of the surface
of the reactive front. Still, comparing the flame lengthening and corresponding acceleration
ratios displayed above, the decrease in heat release source term related to the heat loss visibly
impacts the flame velocity, leading to a limitation of the acceleration. Thus, in order to build
a scaling law for the flame speed, the heat losses to the wall and the flame lengthening are
accounted for. The flame lengthening effect may be added to the planar flame analysis of
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Kazakov [72], expressing the effect of heat loss, at first order, with a linear damping factor:

SL

So
L

=

Flame lengthening︷︸︸︷
ΣF

Σo
F

(
1− kw

(Q̇m/A)Cp,o

)
︸ ︷︷ ︸

Heat loss

, (4.1)

where kw = q̇w/∆T [W.m−2.K−1] is a heat transfer coefficient, with q̇w [W.m−2] defined as a
positive heat flux at the wall downstream of the flame, for a gain in fluid internal energy between
the two channel sections located at the stream-wise positions x1 and xmax,

q̇w = − 1

xmax − x1

xmax∫
x1

(
λf
∂T

∂y

)
y=−`i/2

dx , (4.2)

λf is the thermal conductivity of the fluid and ∆T is computed from temperatures averaged
between the two channel sections in the gas and in the solid

∆T =
1

(xmax − x1)

xmax∫
x1


1

(`e − `i)/2

−`i/2∫
−`e/2

T (x, y)dy

︸ ︷︷ ︸
solid

−

gas︷ ︸︸ ︷
1

`i/2

0∫
−`i/2

T (x, y)dy

 dx . (4.3)

The integration domain is defined starting at x1, in the burnt gases at the most downstream
position reached by the curved flame surface, to expend in the stream-wise direction up to xmax,
the end of the computational domain. The transfer coefficient kw = q̇w/∆T varies significantly
with the type of boundary condition at the wall. The highest level, kw = 112 W.m−2.K−1 (q̇w =

145 kW.m−2, ∆T = 1300 K), is for the isothermal slip-wall. kw decreases to 87 W.m−2.K−1

(q̇w = 102 kW.m−2, ∆T = 1170 K) with the development of the boundary layer along the
isothermal wall and further down to 59 W.m−2.K−1 (q̇w = 38 kW.m−2, ∆T = 644 K) with the
heat conductive wall.

For the two isothermal cases, the departure between SL measured in the simulation and
the relation (4.1) stays below 2.5% (table 4.1). The departure attains 3.4% for the quartz wall
case, exhibiting a lower theoretical flame speed than the flame speed observed in the simulation.
This departure is due to the preheating of the reactants, not considered by the scaling low, and
which increases the flame velocity. This applicability to the simulation of the combination of a
global budget with a scaling law for the flame speed, comforts our confidence in the relevance
of the numerical framework, which will be assessed further in the following through additional
budgets. These budgets will be the occasion to emphasize on the influence of preheating on the
observed velocities.
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4.4 Effect of the sheared flow

4.4.1 Quenching

The isothermal slip and no-slip configurations are first examined to revisit the interaction be-
tween the boundary layer and the flame in the narrow channel. The first observation concerns
the temperature field, the adiabatic flame temperature is never reached because of the thermal
influence of the cold wall up to the center of the channel. The departure to the adiabatic flame
temperature is more pronounced in the no-slip wall case (figure 4.3(a)).

The local flame displacement speed decreases when approaching the isothermal wall, fol-
lowing the lowering of the burning rate due to heat loss (figure 4.3(b)). The velocity difference
between the flow and the flame is reduced by the boundary layer and the flame is flattened in the
no-slip wall case compared to the slip-wall case, as observed in figures 4.2 and 4.4. The devel-
opment of the thermal boundary layer also benefits from the rising of the fluid particle residence
time in the no-slip wall case, favouring in return the rate of heat losses at the edge-flame close
to the wall. In consequence, the maximum temperature is lowered (figure 4.3(a)) and the flame
quenches 69 µm away from the no-slip wall, while it almost touches the slip-wall (figure 4.4).
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Figure 4.5: Spanwise (y) distributions of streamwise velocity component at various x locations.
Line with plus: isothermal slip wall. Line with square: isothermal no-slip wall. Line with
triangle: quartz heat conductive wall.

4.4.2 Flow deviation

The velocity profiles progressively evolve from the fresh to the burnt gas sides of the channel
according to the flame shape (figure 4.5). In the slip-wall case, the velocity increases at the
axis when crossing the flame, to recover an almost flat profile in the burnt gases (line with plus
in figure 4.5). In the no-slip case, the transfer of momentum in the wall normal direction is
visible up to the axis, with a reduction of the velocity peaks (figure 4.6). In both cases, the flow
acceleration on the axis at the flame location is larger than in the adiabatic case (figure 4.6).
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The confinement without the boundary layer (slip-wall) leads for x > 25δF in figure 4.6(a) to
a flow that is even faster close to the wall, whereas the viscous layer preserves the expected
hierarchy in the velocity distribution, with a continuous acceleration when proceeding toward
the axis (figure 4.6(b)). In the case of a heat conductive wall, the picture is different and it will
be discussed in a separated section thereafter (line with triangle in figure 4.5).
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Figure 4.6: Streamwise velocity component vs x position at various y locations.
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Figure 4.7: Isothermal slip and no-slip configurations are compared taking advantage of the
symmetry. Streamlines and flame with contours of 20, 40, 60 and 80% of max (ω̇ρE).
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Figures 4.6(c) and 4.6(d) are streamwise velocity profiles close to the flame front. On the
axis, the longitudinal velocity component drops before the flame to a minimum value equal to
0.99So

L and 1.07So
L, in the slip and no-slip case, respectively. Moving away from the axis, as

pointed out by Clavin et al. [23, 25] about curved reaction zones, the component of the velocity
in the direction normal to the front benefits from gas expansion, while the tangential velocity
component is left unchanged. The gas expansion produced by the heat release thus deviates
the streamlines in the flame normal direction, causing their convergence toward the axis right
after the reaction zone (figure 4.7). Mass conservation in these low-Mach number flow implies
a corresponding divergence of the streamlines upstream of the flame. This response of the
incoming streamlines is also visible in figure 4.8, showing the near-wall acceleration due to
the streamlines concentration and corresponding deceleration approaching the axis. This flow
topology may be put in line with the overall increase of the flame surface promoting the flame
acceleration discussed in the relation (4.1).
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Figure 4.8: Spanwise distributions of streamwise velocity component at various x locations
upstream of the flame (symmetry axis: y = 0, wall: y = −2.5 mm).

4.4.3 Kinetics

The influence of the wall sheared flow is also visible through intermediate chemical species. An
intensified recombination of the H and HO2 radical is observed with the no-slip wall, as seen
comparing for the radical H the lines with hollow circles (y = −2.2 mm) in figures 4.9(a) and
4.9(b), and for HO2 the lines with hollow triangles (y = −2.5 mm) in figures 4.9(c) and 4.9(d).
The mass fraction of hydrogen is reduced by a factor two with the viscous wall, following
the lower temperature levels observed in presence of the boundary layer (figure 4.10). The
reduction of the overall spreading of the reaction zones in the streamwise direction from slip to
no-slip wall is also visible in these figures, through the narrowing of the profiles of H and HO2,
in direct relation with the change in flame shape (figure 4.7).
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(d) HO2 – Isothermal no-slip wall

Figure 4.9: Streamwise distribution of species mass fractions at various spanwise y locations.
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Figure 4.10: Temperature distribution at various spanwise y locations.
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4.5 Thermal coupling influence

4.5.1 Heat transfer at the wall

Temperatures much higher than 300 K are observed in the wall heated by the flame (figure 4.11).
In the burnt gases, the temperature gradient in the wall normal direction drops significantly
(figure 4.12(a)). Consequently, the heat flux at the wall decreases by a factor 1.5 compared to
the isothermal no-slip case (table 4.1), making the edge of the flame close to the wall more
robust. Besides, the temperature distribution inside the wall is non-uniform in the transverse
direction (figure 4.11). Thus a fully multi-dimensional temperature field is obtained for a quartz
channel under the present dimensions. Considering the strong influence of the wall temperature
on the flame behaviour, the variation of more that 50 K, which is observed in figure 4.11,
can hardly be neglected, as it would in the hypothesis of a one-dimensional wall featuring
heat transfer in the longitudinal direction only. In this direction, the heat diffuses inside the
quartz wall well upstream of the flame location, over a length of the order of 20 mm ≈ 45δo

F

(figure 4.11(b)). This promotes the development of a thermal boundary layer upstream of the
flame, which spreads over more than half of the computational domain in the direction normal to
the wall (figure 4.12(b)). The fresh gases flowing close to the wall are therefore now preheated
before entering the reaction zone (figure 4.12(a)). This preheating effect does not significantly
impacts the centreline of the channel, before the flame.
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Figure 4.11: Temperature distribution in the quartz wall vs x position for various y locations.

Further, because of the reduction of the heat flux at the wall, the decay of the temperature in
the burnt gases along the centreline is reduced compared to the isothermal wall condition (see
figure 4.3(a) for x > 20δo

F). These heat transfers provoke a drastic change in the shape of the
flame (shapes comparisons in figure 4.4). The edge-flame propagates faster close to the wall
and the flame surface features an inflection point. A flame shape which is inverted compared to
the isothermal case, with its trailing part now on the axis of symmetry (figure 4.13). The flame
which was convex toward the fresh gases on the centreline (so-called mushroom flame) with the
isothermal wall condition, becomes concave (tulip flame). As exposed by Choi et al. [21] about
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concave flame fronts, the burning rate is enhanced in the curved flame close to the centreline
(figure 4.3(b)). In addition, because of the reduction in heat flux at the wall, the burning rate
stays above the one of the two isothermal cases up to the length of 2.6 mm over the flame
surface, and always above the burning rate of the no-slip isothermal case (figure 4.3(b)).
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Figure 4.13: Quartz heat conductive wall (symmetric view). Streamlines and flame with con-
tours of 10, 30, 50 and 70% of max (ω̇ρE).

4.5.2 Flow deviation

Near the axis of symmetry upstream of the reaction zone, the flame shape implies the deviation
of the streamlines toward the centre of the channel (figure 4.13). As discussed above, the
fluid is mainly accelerated in the normal direction to the local flame surface, which is now
not aligned with the centreline, leading to an increase of the transverse velocity component
toward the wall (figure 4.14). This induces a decay of the streamwise velocity right after its first
peak (figure 4.15). Upstream of the flame, at xfg = −15δo

F, this centreline velocity is 1.98So
L,
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Figure 4.14: Top: transverse (spanwise) fluid velocity component (black line: iso-c = 0.7).
Bottom: temperature distribution in the quartz wall.

while the inlet bulk flame velocity with the heat conductive wall is 1.22So
L (table 4.1), thus

with a centreline velocity of 1.22×(3/2)So
L = 1.83So

L in the inlet Poiseuille flow. This slight
acceleration well before the flame, from 1.83So

L to 1.98So
L, results from the flow dilatation

within the thermal boundary layer. An acceleration which is in fact visible in figure 4.15 for
x/δo

F ∈ [−15,−7] (see also line with triangle in figure 4.5), through the positive slope in the
axial velocity before the strong velocity jump across the reaction zone. Hence, the coupling with
wall heat transfer modifies dramatically the landscape, through a profound re-organisation of
the variable density flow and the propagating flame. This combination of the heat loss reduction
at the edge-flame close to the wall and in the burnt gases, with the preheating of the fresh gases
by heat conduction in the wall, results in a burning velocity 28% larger than in the no-slip
isothermal case (table 4.1).
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Figure 4.15: Streamwise velocity component along the axis of symmetry.

4.5.3 Energy budget on the thermally coupled flame

The present objective is to further examine the acceleration upstream of the flame, finally to
capture how this process impacts the flow dynamics. To do so, in the numerical simulation, the
enthalpy budget between the channel inlet at x = xmin (ρo, To, Cp,o and SL = Q̇m/(ρoA)) and
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the position xfg = −15δo
F upstream of the flame as previously defined, may be written

ρoSLΣo
FCp,oTo −

0∫
−`i/2

[ρuCpT ] (xfg, y)dy + φ̇(xfg) + q̇o
w = 0 , (4.4)

where Σo
F = `i/2 is the adiabatic flame length as above and q̇o

w and φ̇(xfg) are, respectively,
the diffusive heat flux at the wall, and, across a channel section just before the flame (see
figure 4.16).

1

xfgxmin

q̇o
w �̇(xfg)

Figure 4.16: Domain for the enthalpy budget in equation 4.4.

These additional diffusive fluxes can be written,

q̇o
w = −

xfg∫
xmin

[
λf
∂T (x,−`i/2)

∂y

]
dx , (4.5)

φ̇(xfg) =

0∫
−`i/2

[
λf
∂T (xfg, y)

∂x

]
dy . (4.6)

The relation (4.4) may be re-organised in

q̇o
w = u+(xfg)

0∫
−`i/2

[ρCpT ] (xfg, y)dy − ρoSLΣo
FCp,oTo − φ̇(xfg) , (4.7)

or

q̇o
w = T+(xfg)

0∫
−`i/2

[ρuCp] (xfg, y)dy − ρoSLΣo
FCp,oTo − φ̇(xfg) , (4.8)

with u+(x) and T+(x) defined as spanwise weighted averages of velocity and temperature,

0∫
−`i/2

[ρuCpT ] (x, y)dy = u+(x)

0∫
−`i/2

[ρCpT ] (x, y)dy = T+(x)

0∫
−`i/2

[ρuCp] (x, y)dy . (4.9)

In the simulation, the relation (3/2)u+(xfg) = 1.98So
L is verified as in a Poiseuille flow. Where

1.98So
L is the accelerated centreline velocity discussed above, suggesting that u+ behaves as

an equivalent Poiseuille channel flow bulk velocity. Further assuming a low Mach number flow
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with a constant background pressure in the fresh gases, ρoTo = ρT , and a constant heat capacity,
Cp = Cp,o, the relations (4.7 and 4.8) become

u+(xfg)− SL

SL
=
T+ − To

To
=

q̇o
w + φ̇(xfg)

ρoSLΣo
FCp,oTo

. (4.10)

The equations (4.10) and (4.1) may be combined to express the coupling between heat trans-
fer and the flow velocity upstream of the flame

u+(xfg) = So
L

ΣF

Σo
F

(i)︷ ︸︸ ︷(
1− kw

(Q̇m/A)Cp,o

)
+

q̇o
w + φ̇(xfg)

ρoS
o
LΣo

FCp,oTo︸ ︷︷ ︸
(ii)

 . (4.11)

The term (i) represents the heat extracted to the flame by the wall in the zone of the burnt
gases, while the term (ii) informs on the heat that is transferred to the fresh gases by the wall
(q̇o

w) and by the flame (φ̇(xfg)). The conductive flux in the wall connects these heat transfers,
leading to the observed fluid acceleration upstream of the reactive front. The relative variations
of the normalised velocity and temperature of the relation (4.10) differ by only 0.95% in the
simulation, with u+ and T+ computed from the relation (4.9). This confirms the almost isobaric
behaviour of the heated flow of fresh gases upstream of the flame and the convergence of the
coupled fluid/solid simulation. Most of this departure actually comes from the variation of Cp,
whose average over the channel sections evolves by 1.5% between the inlet and xfg.

4.5.4 Kinetics

In chapter 3, is was pointed out that the response of the low temperature chemistry observed
in the simulations close to wall can easily be questioned in terms of accuracy of the chemical
kinetics prediction. Still, some global behaviour may be underlined. Intermediate hydrocarbon
radicals, such as CH3O, which accumulates close to a cold wall, completely vanish in the pres-
ence of a hot conductive wall (figure 4.17(a)). Similarly, the increased temperature close to the
wall promotes OH concentrations higher than in the isothermal case (compare figures 4.17(b)
and 4.17(c)). This observation relates to temperature levels which, in the heat conductive wall
case, are large enough for triggering some of the reactions with high activation energies typi-
cally controlling the OH radical production. The following reactions stand for OH production
(see 15S-26R scheme in table 3.3),

Reaction Ea

2 O+CH4�OH+CH3 8691
7 H+O2�O+OH 14475
8 H+HO2�2OH 640
13 H+CH3O�OH+CH3 0
20 HO2+CH3�OH+CH3O 0
22 CH3+O2�OH+CH2O 8593
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Figure 4.17: Distributions of CH3O in the flame zone and streamwise OH profiles at various
distances from the axis.

The cold walls prevent from enhancing some of the above reactions (reactions 2, 7 and 22)
while the reactions consuming OH are activated in all cases because they depend globally on
much lower activation energies (see bellow). Furthermore, some of the OH consumption reac-
tions exhibit negative activation energies, indicating that their direct conversion rate diminishes
with the rise in temperature. At the high wall temperatures observed, these reactions are thus
further limited.

Reaction Ea

14 OH+H2�H+H2O 3441
15 2OH�O+H2O -2057
16 OH+HO2�O2+H2O -503
17 OH+CH4�CH3+H2O 3235
18 OH+CO�H+CO2 70
19 OH+CH2O�HCO+H2O -448
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4.6 Flame response to wall heat transfer properties in a regime
diagram

The results discussed above have been obtained with either an isothermal wall or a heat con-
ductive wall made of quartz. The channel is also submitted to an outside convective flux repre-
sentative of natural convection. Important differences have been observed between these wall
thermal conditions, both in terms of flame shape and burning velocity. To further investigate
the effect of heat transfers, the conductivity of heat in the wall λ and ho, the convective heat
transfer coefficient with the surrounding air, are now varied. Fifteen simulations have been per-
formed varying the ratio λ/λquartz between 0.2 and 50. This ratio is applied to the conductivity
of quartz [102], in order to mimic the change in material, however keeping the same normalized
response of λ versus temperature (figure 2.10(a)). The convective heat transfer coefficient ho

ranges between 30 W.m−2.K−1 and 225 W.m−2.K−1, plus two extreme cases at 300 W.m−2.K−1

and 1500 W.m−2.K−1, which have been added to approach the asymptotic limit of very intense
heat convection on the outside surface of the channel (figure 4.18). Even though unrealistic in
practice, these additional cases are useful to better understand the limit regimes of the problem.
Please note that in the cases exhibiting a high thermal conductivity λ, a zero temperature gradi-
ent in the solid at the inlet could not be obtained, due to the very long thermal penetration length
related. In these cases, the preheating of the reactants depends thus on the upstream channel
length, which would also be the case in reality. One may note that the upstream length is 5.1 cm
in the present case.

4.6.1 Asymptotic behaviours

In a plane defined by (λ, ho), four asymptotic behaviours can be anticipated, which are recovered
in the simulations:

• (i) In the case of λ → 0, the flux of heat in the wall vanishes and an adiabatic flame
develops whatever the value of ho. Therefore for small value of λ, almost flat flames are
expected. This is what is observed in figure 4.18(a) and (h) when decreasing λ by a factor
5 (λ/λquartz = 0.2). For ho set at 150 W.m−2.K−1, a small deviation from the adiabatic
case is observed with a convex flame. For a smaller ho level, a larger temperature gradient
develops in the solid, and a slightly concave-shaped flame appears (figure 4.18(a)).

• (ii) For very weak levels of the convective flux, ho → 0, the outside surface of the wall
is insulated and all of the heat transferred to the wall propagates in the solid in the lon-
gitudinal direction, downstream and upstream of the flame. The fresh gases collect heat,
increase their temperature leading to a rise of the flame speed compared to the adiabatic
case. This acceleration proceeds up to the point where a new balance is found between
the upstream conduction of the heat extracted from the burnt gases, the preheating of the
fresh gases and the amount of heat released by the flame. The flame shape should there-
fore be very similar to the one reported above for a quartz wall with heat transfer, with a
flame speed measured above the adiabatic value So

L. Starting from λquartz (figure 4.18(b)),
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Figure 17: Flame response to heat transfer properties. ho: heat transfer coe�cient with
surrounding air. �: thermal conductivity of channel wall. SL/So

L indicated in the graphs.
Conditions above dashed line are unrealistic in practice.

for ho = 30 W·m�2·K�1 with � increased by the factors 5 and 50. The flame shape is
unchanged and the flame speed indeed increases with the rate of heat transfer in the
wall. However, a smaller value of � limits the di↵usion of heat in the wall and the flame
speed decreases, even below So

L for �/�quartz = 0.2 (figure 17(a)).
(iii) A wall with a very large level of conductivity, � ! 1, will behave as isothermal, with
an almost uniform temperature in the solid. A temperature whose level varies according to
the convective heat transfer coe�cient. For small values of ho, the wall will be isothermal
and hot. For larger values of ho, an isothermal cold wall type flame with a convex shape
is expected. The flame speed should also decrease with the increase of the level of
heat extracted over the outside surface of the wall. This is confirmed in figure 17(d),
17(g), 17(k) and 17(o), when ho varies from 30 W·m�2·K�1 to 1500 W·m�2·K�1, for
�/�quartz = 50. The flame speed diminishes from 1.37So

L (case d) to 0.95So
L (case o),

with the amplification of the outside convective heat transfer ho. The flame shape is
convex, as in the cold wall case, for the largest value of ho. Decreasing ho, the edge-flame
close to the wall is submitted to a smaller heat flux and it progressively moves upstream,
up to the apparition of the flame shape with an inflexion point (figure 17(d)), typical
of a flame propagating in a boundary layer with both convective and conductive heat
transfer in the wall.
(iv) For very large values of ho whatever �, the wall becomes isothermal and the flame
is of convex shape, as seen in figure 17(n) and 17(o) for ho = 1500W·m�2·K�1, �quartz

and 50 �quartz.

Figure 4.18: Flame response to heat transfer properties. ho: heat transfer coefficient with sur-
rounding air. λ: thermal conductivity of channel wall. SL/S

o
L indicated in the graphs. Condi-

tions above dashed line are unrealistic in practice.

two of such cases are in figures 4.18(c) and 4.18(d) for ho = 30 W.m−2.K−1 with λ

increased by the factors 5 and 50. The flame shape is unchanged and the flame speed
indeed increases with the rate of heat transfer in the wall. However, a smaller value of λ
limits the diffusion of heat in the wall and the flame speed decreases, even below So

L for
λ/λquartz = 0.2 (figure 4.18(a)).

• (iii) A wall with a very large level of conductivity, λ → ∞, will behave as isothermal,
with an almost uniform temperature in the solid. A temperature whose level varies ac-
cording to the convective heat transfer coefficient. For small values of ho, the wall will be
isothermal and hot. For larger values of ho, an isothermal cold wall type flame with a con-
vex shape is expected. The flame speed should also decrease with the increase of the level
of heat extracted over the outside surface of the wall. This is confirmed in figure 4.18(d),
4.18(g), 4.18(k) and 4.18(o), when ho varies from 30 W.m−2.K−1 to 1500 W.m−2.K−1, for
λ/λquartz = 50. The flame speed diminishes from 1.36So

L (case d) to 0.95So
L (case o), with

the amplification of the outside convective heat transfer ho. The flame shape is convex, as
in the cold wall case, for the largest value of ho. Decreasing ho, the edge-flame close to
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the wall is submitted to a smaller heat flux and it progressively moves upstream, up to the
apparition of the flame shape with an inflexion point (figure 4.18(d)), typical of a flame
propagating in a boundary layer with both convective and conductive heat transfer in the
wall.

• (iv) For very large values of ho whatever λ, the heat is directly transferred to the ambient,
the wall gets cold, and the flame is of convex shape. Finally, the flame speed falls to
0.95So

L, as seen in figure 4.18(n) and 4.18(o) for ho = 1500W.m−2.K−1, λquartz and 50
λquartz. Note that these extreme cases coherently almost permit the recover the isother-
mal cold no-slip wall simulation results of figure 4.2(b), which exhibited a 0.96So

L flame
velocity and similar flame topology.

4.6.2 Competition of the influence of conductivity and convection on the
flame characteristics

Overall, the burning velocity SL increases with λ, the conductivity in the wall, and SL decreases
with an increase of ho, the convective heat transfer coefficient (figure 4.18). Still, these general
trends may not be verified for the extreme values of ho (see for instance figure 4.18(m) and
4.18(n)). For these high levels of ho, the flame propagates in the vicinity of an almost cold
wall, with a pronounced lengthening of the edge-flame because of quenching. A lengthening
of the flame surface that is followed by an increase of the burning velocity. Similarly, for
ho = 75 W.m−2.K−1, when moving from 5λquartz (figure 4.18(f)) to 50λquartz (figure 4.18(g)), the
burning velocity decreases even though heat conductivity in the wall has been enhanced. Here,
the wall becomes close to isothermal and is thus efficiently cooled by the ambient. The resulting
disappearance of the inflexion point in the flame shape leads to an almost planar flame, with a
reduced burning velocity. Nevertheless, still looking at this case (figure 4.18(g)), but against
others at the same value of λ, the expected decay of the burning velocity when ho increases is
found. Once again, these alterations of the global trends point out the intricate coupling existing
between the flame dynamics and its topology. It is consequently hopeless to expect monotonic
response of flame velocity with thermal characteristics. Multi-dimensional simulations, able to
capture the flame topology, are thus required to seize the complete picture.

A diagram of axis (λ, ho) may be drawn to delineate between the flame regimes observed
in the simulations and to provide the global picture summarising this work (figure 4.19). In the
limit of an adiabatic wall, the flames are planar and feature the properties of a one-dimensional
reactive front. For small levels of convective heat transfer over the external surface of the
channel, the increase of the heat conductivity in the solid wall accelerates the edge-flame at the
wall leaving the centreline reaction zone behind. The flame front then becomes concave toward
fresh gases on the axis of symmetry and globally propagates faster than the stoichiometric
laminar burning velocity. Progressively increasing the heat loss at the wall through convection
with ambient air, the propagation speed of the reactive front decreases close to the wall and at
some point, the flame propagates faster along the centreline than close to the wall and the flame
shape becomes convex, with a flame speed smaller than the stoichiometric burning velocity. It
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is important to note that figure 4.19 was drawn for the operating conditions studied. The exact
location in this diagram where the transition in the flame shape is observed cannot be fully
generic, only the asymptotic limits (boundaries of the diagram) should not depend too much on
the flow parameters.
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Figure 19: Flame response to heat transfer properties. ho: heat transfer coe�cient
with surrounding air. �: thermal conductivity of channel wall. White number : SL/So

L.
Conditions above dashed line are unrealistic in practice.

(figure 19(g)), the burning velocity decreases even though heat conductivity in the wall
has been enhanced. Here, the wall becomes close to isothermal and the disappearance of
the inflexion point in the flame shape leads to an almost planar flame, with a reduced
burning velocity. Nevertheless, still looking at this case (figure 19(g)), but against others
at the same value of �, the expected decay of the burning velocity when ho increases is
found.

7. Summary
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Appendix A. Verification of the reduced chemistry

A first simulation with the quartz heat conductive wall is performed using the GRI-
1.2 (Frenklach et al. 1995) methane-air detailed chemistry (figure 1). The resolution
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Figure 4.19: Diagram summarising the flame shape behaviour versus wall heat transfer param-
eters. λ: wall conductivity. ho: coefficient of convective heat transfer with outside environment.
Internal channel height: 5 mm. Wall thickness: 1 mm. Stoichiometric CH4/air flame.

These results consolidate previously published findings on flame propagation in narrow
channels, based on both experimental and numerical works, and the knowledge of these regimes
may be of precious help in the design of small-scale combustion devices.





Chapter 5

Simulating upstream flame propagation in
a narrow channel after wall preheating
under microgravity
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5.1 Introduction

In this chapter, the response of a stoichiometric premixed laminar flame, stabilised in a narrow
channel (`i = 5 mm), is investigated for an amount of heat supplied upstream through the wall.
The stoichiometric methane/air flame numerical simulations performed include complex molec-
ular transport and the fully coupled solving of heat transfer at and within the wall. Initially, the
flame is stabilised by an inlet mass flow rate matching the flame burning velocity. This numeri-
cal study is inspired by the experiments conducted by A. Pieyre and F. Richecoeur (EM2C lab,
UPR 288 CNRS), who observed the response of a flame to an upstream heating. In these exper-
iments (figure 5.1), the flame is initially ignited and stabilised at the channel outlet. The tube
is heated with a lighter upstream of the flame position until the flame undergoes a translation
to finally stabilise in the heated area. In response to these observations, the objectives of this
chapter are to:
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• Consider various heating intensities over a given heating time and to observe their effect
on flame translation.

• Pay a specific attention on the relative contributions, of heat convection in the flow and
heat conduction in the solid, on the translation.

• Depict and analyse the various stages followed by the flame during its translation.

• Track the shape, the flash back speed and the final position of the flame with respect to
the amplitude of the heat flux brought to the external surface of the wall.

First, section 5.2 presents in details the configuration under study along with the specific nu-
merics associated. Section 5.3 depicts the first step of the flame translation, a downstream
movement due to the fresh gases dilatation responding to the preheating. The role of heat con-
vection, on flame translation, in then revealed in section 5.4. Finally, section 5.5 gathers the
flame evolution in the case leading to a complete translation up to the heated area. Along with
the kinetic reduction strategy for small-scale combustion presented in chapter 3, the major part
of this chapter was published in the Combustion and Flame journal in 2019 [9].

(a) Ignition (b) Initial (c) Heating (d) Translation (e) Final

Figure 5.1: Main stages of flame translation, after wall preheating, in an experimental demon-
stration of A. Pieyre and F. Richecoeur.

5.2 Configuration

5.2.1 Numerics

In this chapter, a focus is made on the transient states observed when an excess of energy is sup-
plied through the walls of a channel to the fresh gases, upstream of the position of a stabilised
premixed flame. The application of this punctual thermal forcing allows for stabilising the
flame at a desired position, typically optimised for receiving the excess of enthalpy. Numerical
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solutions of a methane/air stoichiometric premixed flame stabilised in a narrow channel are per-
formed for complex transport properties and chemistry. The multi-component flow simulation
is coupled with the solving of heat transfer at and within the solid wall.

Concerning the solid modelling, a de-synchronisation method is employed, traduced by the
reduction of the heat capacity within the wall. As pointed out in § 2.4.1.5, the modification of
the heat capacity does not impact steady state solutions. While employing such an artifice, the
normalised heat capacity in the solid Cs(T )/Cs(To) also varies with temperature following the
typical response of quartz. Presently, as in the study by Gauthier et al. [43], Cs(To) in the solid
is of the order of 0.01 kJ.kg−1.K−1, a value which is smaller than for quartz in order to limit the
CPU cost by reducing the gap between the characteristic times of heat transfer in the solid and
in the gas. In the present unsteady study this sensitive point will be analysed below, to conclude
that it does not impair the physical observations. Indeed, the upstream flame movement is found
to be triggered by heat convection in the flow and not by the unsteady wall heating close to the
flame zone, even under such large values of the wall heat diffusivity (λs/ρsCs).

Flash-back simulations are now conducted with the 17S-53R-1.0 mechanism, validated in
chapter 3. Because of the channel dimensions, the close to unity Lewis number of the mixture
and the absence of gravity, the problem may be assumed symmetrical with respect to the lon-
gitudinal mid-plane (y = 0) [43, 85]. The bulk velocity of the incoming Poiseuille velocity
profile which stabilises the initial flame is SL = 52.79 cm.s−1 (see figure 3.6). To obtain this
initial stabilised channel flame, a series of simulations were performed where the flow is ini-
tialised with an adiabatic flame, to then progressively relax toward the fully coupled flame/wall
solution. During this process, the inlet mass flow rate is adjusted following the procedure in
paragraph 2.4.3. As evoked in the previous chapter, the initial curved flame features a burn-
ing flame surface larger than the channel section and propagates faster than an adiabatic flame
(adiabatic flame speed of the order of 38 cm.s−1).

5.2.2 Heating scenario

Starting from the stable flame (figure 3.6), a source of energy is applied over the external surface
of the wall, upstream of the reaction zone. The heating power is calibrated to be representative
of an energy deposition from an embedded low power source, with the maximum energy de-
position ranging from 10% to 40% of the energy released by the flame. The evolution of the
incoming heat flux is given in figure 5.2 showing the ratio (in %) between Qheating, the integral
over the external wall surface of the added heat flux, and Qflame, the integral over the compu-
tational domain of the heat release rate per unit volume. In practice, this is done imposing a
variation of Text(x, t), the ambient air temperature in the convective and radiative fluxes varying
with the stream-wise position, between To = 300 K and Th(t), with Th(t) progressively increas-
ing and decreasing over time (at t = 0 the flame is in its initial steady state). For x < x1 and
x > x2:

Text(x, t) = To + (Th(t)− To)× exp
(
−(x− xo)

2/(2σ2
x)
)
, (5.1)

with xo = x1 if x < x1 and xo = x2 if x > x2.
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For x1 < x < x2:
Text(x, t) = Th(t) , (5.2)

with x1 = −4 cm, x2 = −3 cm and σx = 0.55 cm. Th(t) mimics a gradual imposition of an
external energy source. For t < t1 and t > t2:

Th(t) = To + (T ? − To)× exp
(
−(t− to)2/(2σ2

t )
)
, (5.3)

with to = t1 if t < t1 and to = t2 if t > t2. For t1 < t < t2:

Th(t) = T ? , (5.4)

with t1 = 0.025 s, t2 = 0.375 s, σt = 0.008 s and T ? = 900 K, 1100 K or 1300 K.
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Figure 5.2: Ratio between rate of enthalpy excess introduced and total channel flame power.
Star: T ? = 1300 K. Square: T ? = 1100 K. Circle: T ? = 900 K.

The temporal evolution of the flame initially stable in the channel subjected to an external
heat source (T ? = 1300 K) is shown in figure 5.3. By gradually transferring heat to the exter-
nal surface of the wall, the energy diffuses inside the solid and also in the fresh mixture. As
shown thereafter, a thermal boundary layer develops up to the channel center, well upstream
of the flame. After a transient, the flame moves upstream to become stable again. The over-
all process may be decomposed in two stages, the flame first moves downstream (figure 5.3,
t = td = 65 ms), to then accelerate and proceed upstream (figure 5.3, t > td). This flame
movement is thus controlled by an intricate coupling between the transfer of heat in the wall by
conduction, the subsequent convection of heat in the gas, and finally its impact on the flow and
flame dynamics.

During the heating phase, the wall temperature increases in the zone centred at x = −3.5 mm
up to t = 375 ms (figure 5.4). Heating stops at t = 375 ms and the maximum wall temperature
decreases while the flame reaches the heating location to transfer further heat to the wall, as
seen in the line with circle at x = −1.5 mm in figure 5.4. The wall temperature goes up again,
to recover a distribution similar to the initial one, but shifted upstream (squares and triangles in
figure 5.4).
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t=420ms

Final

5 mm 7 mm

x=-101 mm x=15 mm
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Figure 1: Reacting flow configuration. Zoom in relevant flow and wall zones. Heat release rate and wall temperature.
T? = 1300 K. 17S-53R.

4

Figure 5.3: Reacting flow configuration. Zoom in relevant flow and wall zones at various
stages of the upstream flame propagation. Heat release rate and wall temperature. Case with
T ? = 1300 K (equation (5.3)) and 17S-53R-1.0 chemistry (table 3.2).
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Figure 5.4: Wall temperature profiles at the solid/flow interface, for the various stages depicted
in figure 5.3, case with T ? = 1300 K (Eq. (5.3)). Squares: initial stage. Diamonds: t = td =

65 ms. Stars: t = 375 ms. Circles: t = 420 ms. Triangles: final stage.
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5.3 Downstream movement by fresh gases dilatation

During the transient, before proceeding upstream, the flame front is pushed downstream (fig-
ures 5.3 for t = 65 ms and 5.5). The larger the intensity of the heating, the further away and
the faster the flame moves downstream of its initial condition, x = 0.89 mm at td = 72.5 ms
for T ? = 900 K, x = 1.44 mm at td = 70 ms for T ? = 1100 K and x = 2.15 mm at td = 65 ms
for T ? = 1300 K (figure 5.6, stage 2). The change in shape of the flame during the upstream
movement also depends on the amount of heat introduced.
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Figure 5.5: Trajectory of the flame position (maximum heat release rate) at the axis of symmetry
vs time. Dotted line: T ? = 900 K. Dash-dot line: T ? = 1100 K. Dashed line: T ? = 1300 K.
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Figure 5.6: Flame shape defined from the maximum heat release rate at key stages of the simu-
lation. T ? = 900 K: (1) initial, (2) t = td = 72.5 ms, (3) t = 437.5 ms, (4) final. T ? = 1100 K:
(1) initial, (2) t = td = 70 ms, (3) t = 420 ms, (4) final. T ? = 1300 K: (1) initial, (2)
t = td = 65 ms, (3) t = 375 ms, (4) t = 420 ms, (5) final.
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(a) Streamwise velocity
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Figure 5.7: Streamwise velocity and temperature profiles vs x-position. T ? = 1300 K. Dashed
line: t = 0 ms. Solid line: t = 35 ms. Square (blue): y = 0 (axis). Star (green): y = −1.25 mm.
Diamond (red): y = −2.5 mm (wall).

In the quasi-isobar thermal boundary layer above the heated wall, the flow density ρ de-
creases and a dilatation of the fresh gases is generated according to

(1/T )DT/Dt = −(1/ρ)Dρ/Dt = ∇ · u , (5.5)

where usual notations are used. The acceleration of the flow is in fact visible all over the
thermal boundary layer. This is seen in figure 5.7(a), where the stream-wise velocity on the axis
of symmetry (blue lines with square) is significantly enhanced well before the flame position
after heating the wall (compare the dashed lines, corresponding to t = 0 ms, with the solid lines
at t = 35 ms).

The temperature profiles in figure 5.7(b) confirm that the boost in velocity reaches the flame
well before the heat wave. The temperature profiles at x = −1.5 cm are not modified while
the velocity has already been increased down to the flame location. At the same instant in
time, the heat wave is only visible between x = −5.5 cm and x = −1.5 cm at the wall (y =

−2.5 mm) and between x = −4.5 cm and x = −1.5 cm in the plane y = −1.25 mm. This flow
acceleration due to thermal expansion promotes the first downstream movement of the flame,
i.e. the downstream shift also observed between the dashed and solid blue lines in figure 5.7(b).

5.4 Flame acceleration from convective heat transfer

After being pushed downstream by the flow dilatation, the flame proceeds upstream. Potentially
two scenarios compete. (i) The preheating of the gases reaches the flame, which diminishes the
ignition delay, the progression velocity of the reaction zone relative to the fluid increases and
the flame propagates upstream. (ii) The diffusion of heat in the solid reaches the flame zone and
the edge flame flashes back in the vicinity of the wall.



Simulating upstream flame propagation in a narrow channel after wall preheating under
microgravity 115

−6 −5 −4 −3 −2 −1 0
x (cm)

300

330

360

390

420

450

T
(K

)

(a) T ? = 900 K

−6 −5 −4 −3 −2 −1 0
x (cm)

300

350

400

450

500

550

T
(K

)

(b) T ? = 1100 K

−6 −5 −4 −3 −2 −1 0
x (cm)

300

400

500

600

700

T
(K

)

(c) T ? = 1300 K

Figure 5.8: Streamwise temperature profiles vs x-position. Dashed line: t = 0 ms. Dotted line:
t = td. Solid line: t = td + 20 ms. td: time of the most downstream flame position (differs
from case to case). Square (blue): y = 0 (axis). Star (green): y = −1.25 mm. Diamond (red):
y = −2.5 mm (wall).

Figure 5.8 shows the temperature distributions at three consecutive instants, the initial time
t = 0 (dashed line), at the time td at which the flame reaches its most downstream position
(dotted line), and 20 ms after (solid line). Let us focus first on the temperature at the wall (red
line). At these three instants, the edge-flame is located after x = −1 cm. Up to x = −1.5 cm,
thus well upstream of the reaction zone, the three temperature profiles perfectly match, while
the temperature increases because of conduction in the wall, but only further upstream (x <

−2 cm). This is not the case within the channel (blue and green lines), where the temperature
increases with time down to the flame front.

Therefore, it is the heat transferred to the flame by convection in the gas that triggers its
upstream movement. So, even with a thermal diffusivity of the solid which has been artificially
increased as in [43] (keeping the conductivity of quartz) to reduce the CPU time, conduction in
the streamwise direction does not prevail over the convection of heat in the fluid in the control
of the flash back. Actually, it can reasonably be expected that decreasing the thermal diffusivity
of the solid in the simulations would favour even more the role of heat convection.
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5.5 Flame translation and final position
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(d) x = −33.74 mm, t = 432.5 ms
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Figure 5.9: Temperature profiles (left) in the fresh gases 5 flame thickness upstream of the
flame position (max heat release rate) and corresponding flame shape (right). T ? = 1300 K
(equations (5.3) and (5.4)).

For the heating characteristic times given in paragraph 5.2.2, only T ? = 1300 K secures the
full flash back of the flame up to the heating zone. Therefore the upstream translation of the
flame occurs for Qheating peaking at 0.4Qflame (figures 5.2 and 5.5). Both other cases result in an
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upstream movement of the flame, which then stabilises around x = −4 mm for T ? = 900 K
and x = −9 mm for T ? = 1100 K (figures 5.5 and 5.6).

Interestingly, the flame shape strongly evolves during its upstream movement. Figure 5.9
shows both temperature profiles taken in the fresh gases at a stream-wise position located 5
thermal flame thickness before the most upstream position along the flame shape, and the flame
shape probed from the maximum heat release rate for every span-wise locations. Starting from
the initial stable flame condition (figure 5.9(a)), the temperature first increases mostly in the
centreline due to heat convection (figure 5.9(b)). The flame thus evolves toward a mushroom
shape with its most upstream point on the axis of symmetry (figure 5.9(b)). This shape is kept
by the reaction zone during the flash back, till it approaches the zone of the wall which is heated.
There, the temperature gets higher close to the wall, the burning rate and the local flame speed
increase promoting the development of the inflexion point already seen in the initially stable
flame (figure 5.9(c)). Later in time, the flame tends toward its initial shape with the temperature
distribution in the direction normal to the wall featuring those typical of a thermal boundary
layer (figure 5.9(d)). Finally, the flame stabilises at a new location and relaxes toward its initial
shape (figure 5.9(e)). In the cases where the reaction zone does not reach the upstream position
of the heating (T ? = 900 K and 1100 K), the flame is flattened when moving upstream, still
without passing by a fully convex topology (figure 5.6).
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Figure 5.10: Heat release rate at the axis during the flame upstream movement. T ? = 1300 K.

The maximum flash back burning velocity of the flame fronts are 1.060SL for T ? = 900 K,
1.095SL for T ? = 1100 K and 3.594SL for T ? = 1300 K, where as above, SL denotes the bulk
velocity of the stabilized 2D channel flame. The variations of the heat release rate at the axis
during the simulation with T ? = 1300 K (figure 5.10), are closely related to the flame shape
evolution. First, during the initial downstream blow and the early moments of the upstream
movement, until the flame reaches the position x = −0.35 cm (zone 1), the heat release source
term rises sharply. The flame takes a stronger concave tulip shape while its initial downstream
movement. As expected from Choi et al. [21], the increasingly concave flame front (figure 5.6)
enhances the heat release at the axis of symmetry. The impact of the thermal boundary layer at
the axis participates in the rise of the heat release rate during the early moments of the upstream
movement. Subsequently, from x = −0.35 cm to x = −1.2 cm (zone 2 in figure 5.10), the heat
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release stays globally stable although the flame propagates into a hotter flow (figure 5.8(c)).
This is due to the change in flame topology. Indeed, the acquired convex flame shape limits the
increase of the source term in comparison to the precedent concave flame front. Starting from
x = −1.2 cm, the progressive recovery of a tulip flame shape causes the peak in heat release
observed at x = −2.3 cm (zone 3), even though the flow temperature at the axis in this zone
already diminishes (figure 5.8(c)). The heat release source term diminishes then due to the low
flow temperature seen by the flame at the axis (zone 4). Finally, the flame stabilises close to
x = −4 cm and relaxes to a stable state similar to the initial one.

The present analyses contributes to the understanding of upstream flame propagation in
response to preheating. In micro-combustion, it may help in the building of a strategy to position
flames at optimised locations for excess enthalpy.





Chapter 6

The role of gravity and external heating in
the asymmetry of flames stabilized in a
narrow combustion chamber

6.1 Introduction

Up to this point, the operating conditions simulated yield only symmetrical flame shapes. How-
ever, recent numerical [60, 83, 114, 146] and experimental [65, 161] studies reveal the appari-
tion of non-symmetric flame shapes for various conditions. Depending on the configuration, the
physical phenomena susceptible to break the symmetry are numerous and the objective of the
present chapter is to focus on the role of gravity. Also, the influence of external heating on the
stability of symmetric flame shapes is discussed.

In the previous experiments, the slanted flames observation was explained by a stabilisation
mechanism influenced by the free convection in the air surrounding the tube. A decrease of
the Nusselt number toward the top of the cylinder, as the outside boundary layer thickens, has
been reported in thermal and flow plume developing around heated tubes [1, 129, 154]. The
plume insulates the cylinder from the surrounding air and the reaction zone in the upper part
of the tube is then submitted to a lower heat transfer coefficient. Then gravity is driving the
flame shape indirectly by affecting the flow surrounding the tube. Besides, a direct influence
of gravity inside wider channels was also discussed in the literature using a model equation
for flame propagation [72]. In this work, the role of buoyant-induced baroclinic torque was
supposed to affect the flame shape inside a wide channel. Finally, the precise role of gravity in
the observation of slanted flames, propagating in narrow channels, remains unclear.

Accordingly, the symmetry breaking of a lean (φ = 0.8) premixed laminar methane/air
flame, propagating in an horizontal narrow channel or tube of internal width or diameter `i =

5 mm, is investigated. Numerical and experimental analyses are provided in a joint work with
the experimental team composed of A. Pieyre and F. Richecoeur (EM2C lab, UPR 288 CNRS).

The objective of this chapter is to progress on the understanding of the ‘internal’ gravity
effects by combining experiments and numerical simulations. The chapter is organised as fol-
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lows: the experimental and numerical set-up are first described in section 6.2. Then, the overall
flame properties are reported in section 6.3, flame which is asymmetrical in all the conducted
experiments. Two cases are studied, a flame freely propagating above an isothermal cold wall
and a stabilised one, the latter subjected to strong coupling with wall heat transfer. The experi-
mentally observed flame shape is reproduced by the simulation only in the presence of gravity
and the breaking of symmetry is explained by the change of behaviour of the baroclinic effects
across the flame front after introducing gravity. To finish, section 6.4 gathers an additional in-
sight on the effect of external heating on the flame symmetry breaking. Numerically, external
heating, combined with the diminution of the channel internal height, is found to allow stable
tulip-shaped flames while submitted to gravity effects, result which is consistent with former
experimental observations [29]. In this case, auto-ignition is shown to condition the flame
topology.

The part of this chapter concerning gravitational effects on the flame was published in the
Combustion and Flame journal in 2019 [8].

6.2 Experimental and numerical set-up

6.2.1 Experimental configuration

The experimental set-up shown in figure 6.1 consists in a `i = 5 mm inner diameter and
ew = 1 mm thick quartz tube placed in horizontal position. The methane/air fresh mixture
at a temperature To = 300 K flows from the left to the right at an equivalence ratio of 0.8, with
a Reynolds number of about 50. The length of the tube is 200 mm. The mixture is first ignited
at the free end of the tube xe = 150 mm, then the mass flow rate is decreased for the flame to
enter the tube and it may be stabilised at a given position for a bulk velocity of the incoming
flow balancing the flame burning velocity.

The quartz was chosen for its thermal and optical properties, allowing for a direct visualiza-
tion of the flame and its propagation.

x(mm)0
100-d-40 150-50

Figure 6.1: Schematic view of the experimental set-up composed of a quartz tube of `i = 5 mm
inner diameter and ew = 1 mm thickness, inside which a lean methane/air mixture is injected.
The inlet (xi = −50 mm) is connected to the mass flow controllers while the outlet (xe =

150 mm) is in open-air, where the flame is first ignited to then propagate inside the tube.

Two mass flow controllers (EL-FLOW Bronkhorst) with 0-700 Nml/min range for air and
0-70 Nml/min for methane are enslaved to command the velocity and equivalence ratio of the
flow. A mixture chamber prior to the quartz tube entrance (not shown in figure 6.1) secures the
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premixing of the gas. With a precision of 0.35 mL/min, the mass flow controllers allow to adjust
the bulk velocity to stabilize the propagating flame. The position and the motion of the flame in
the tube is tracked by a camera (Nikon 7000D - Lens micro Nikkor 60 mm f/2.8G) recording
videos, which are then decomposed in series of individual pictures. To observe accurately the
flame front, and especially the CH∗ chemiluminescence, a band-pass interference filter centered
at 430.0 nm with a fwhm of 10 nm (±2 nm) and 40% minimum peak transmission is used.

Case Wall seen by the flame Vbulk (cm·s−1) Vp (cm·s−1) tcd/tres SL (cm·s−1)

(i) Heat-conductive 23.10 ≈ 0 ≈ 0 23.10
(ii) isothermal 20.70 0.46 53 21.16

Table 6.1: Experimental conditions. Lean premixed methane/air flame (φ = 0.8). Vbulkx is the
bulk flow velocity. −Vpx is the flame front velocity in the laboratory frame (see figure 6.1 for
axis). tcd is the heat conduction time in the solid. tres is the flame residence time. SL is the
burning velocity.

The flame is examined, (i) stabilised by an adjusted incoming flow and (ii) during an up-
stream propagation after decreasing the mass flow rate. Because the heat diffusivity is much
larger in the gas than in the solid, in case (ii) the flame propagates along an almost isothermal
wall. In case (i), the stabilisation mechanism of the steady flame depends also on complex
heat exchanges with and within the wall, including heat transfer between the gas and the wall,
conduction of heat in the solid wall and convective heat transfer between the outside wall and
the environment [10, 60]. The slowest thermal exchanges occurring in this configuration is
heat conduction through the quartz wall, featuring a characteristic time tcd = e2

w/αs, where αs

is the quartz thermal diffusivity [102]. A flame residence time tres = δF/Vp is defined from
δF = αg/S

o
L = 94.2 µm, a characteristic flame thickness and −Vpx, the absolute velocity

of the flame front in the laboratory frame, where αg denotes the fresh gases diffusivity. For
tcd/tres < 1, the budget of heat fluxes reaches a steady state with a non-isothermal wall. In
practice this is observed experimentally when Vp → 0, representative of a stabilised flame (case
(i)). For the ratio tcd/tres >> 1, the wall temperature at the flame position stays of the order of
300 K and the flame propagates over an isothermal wall (case (ii)). These two operating points
are summarised in Table 6.1. The burning velocity, SL = Vbulk + Vp, where Vbulk is the bulk
velocity of the incoming fresh gases, increases by 9.17% between the flame moving upstream
and the stabilised one. This enhancement of the burning velocity results from heat retrocession
by the wall to the flow slightly upstream of the stabilised flame front, a mechanism which was
discussed in chapter 4 and can be found in [10]. Please note that the increase in amplitude of
the flame speed depends on the amount of heat release and therefore on the equivalence ratio of
the mixture.

6.2.2 Numerical set-up

To verify that the studied gravity mechanisms do not depend significantly on the very de-
tail of the flow configuration, and also because experiments in the flame tube show no sign



The role of gravity and external heating in the asymmetry of flames stabilized in a
narrow combustion chamber 123

of azimuthal effects, the most simple case of a planar channel is numerically studied in two-
dimension, with a channel height `i = 5 mm and quartz walls of thickness ew = 1 mm thick,
thereby with characteristic lengths similar to the experimental ones. This numerical configura-
tion is the same as the one studied in the precedent chapters.

The reduced chemical mechanism composed of 17 species and 53 reactions employed in this
chapter (17S-53R-0.8, table A.1 in appendix A) has been specifically developed based on the
GRI-1.2 mechanism [41] following the strategy presented in chapter 3. The reference adiabatic
flame speed with the detailed scheme for the equivalence ratio φ = 0.8 is So

L = 28.40 cm·s−1

and the reduced scheme leads to So
L = 28.56 cm·s−1. Representative species and temperature

profiles compared in the one-dimensional flames at equivalence ratio φ = 0.8, between the
detailed and reduced schemes are given in the appendix A.

Wall boundary conditions similar to the two experimental cases of Table 6.1 are considered,
i.e. (i) heat-conductive with all heat transfers active and (ii) isothermal (T = 300 K). In the two-
dimensional isothermal channel with gravity, the flame burning velocity is SL = 24.95 cm·s−1,
to become 27.09 cm·s−1 with wall heat-transfer. As it should, the absolute values of these flame
burning velocities differ between the axi-symmetric tube in the experiment (Table 6.1) and the
two-dimensional channel in the simulation. However, the relative increase in burning velocity
between isothermal and non-isothermal wall cases are quite close, 9.17% in the experiment and
8.57 % in the simulation, which brings some confidence in the retained strategy.

6.3 Analysis of gravity effects

6.3.1 Case (i): Flame stabilised with heat-conductive wall

The flame stabilised by an incoming flow exactly balancing its burning rate is considered at
first (case (i) of Table 6.1). The CH∗ chemiluminescence is collected in the experiment over an
exposure time of 2 s and the mean flame emission is represented in figure 6.3 left. The reaction
zone makes an angle with the vertical of β = 24° (see figure 6.2), whereas the numerical sim-
ulation without gravity reports a fully symmetrical flame shape (figure 6.3 top-right). Adding
the gravity force in the Navier-Stokes equation solved, the flame takes a inclination as in the
experiment (figure 6.3 bottom-right), even though the simulation is planar and the experiments
axi-symmetrical. The angle of the reaction zone with the vertical is 30° in the simulation.

�

Flow

Figure 6.2: Representation of the inclination angle β of a slanted flame.
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Figure 6.3: Case (ii) of Table 6.1. Experiment: Mean chemiluminescence CH∗. Simulation:
Wall temperature and heat release rate.

In the case with gravity, the top and bottom close-to-wall edge-flame shapes differ (fig-
ure 6.3). The topology and the relative progression velocity of these edge-flames benefit from
the preheating of the gases upstream of the flame after diffusion of heat inside the wall [10].
Streamwise profiles of velocity and temperature taken at a distance of 0.7 mm from the top and
bottom channel walls are now analysed. The streamwise component of the velocity is larger at
the bottom due to the confinement of the flow by the concave flame shape (figure 6.4(a)). This
higher velocity goes with smaller residence times and thus a less efficient preheating by the wall
thermal boundary layer, leading to lower temperature levels ahead of the bottom edge-flame
(figure 6.4(b)). At the top, the effect of the preheating by the channel wall on the streamwise
velocity ahead for the flame, is compensated by the spreading of the streamlines associated to
the flame topology (see chapter 4). As a result, the flow acceleration ahead of the flame is
quite low at the top wall (figure 6.4(a)) and the fresh gases benefit from an efficient preheat-
ing (figure 6.4(b)). In both experiments and simulations, the heat release rate is found larger
at the bottom than at the top wall edge-flame (figure 6.3). As pointed out in [21], the burning
rate is intensified by the curvature of concave flame fronts. This enhancement also explains the
reduced quenching distance to the wall at the bottom edge-flame.

Because an eventual modification by gravity of the free convection surrounding the channel
is not included in the simulation, another mechanism driven by gravity is at play inside the
channel. To isolate this mechanism from heat transfer inside and outside the wall, the flame
propagating over an isothermal wall is further examined (case (ii) of Table 6.1).
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Figure 6.4: Velocity and temperature distribution at a distance of 0.7 mm from the top and
bottom wall. xflame: maximum of heat release on the probed line (top or bottom). No-gravity
case is symmetrical.

6.3.2 Case (ii): Flame propagating over a quasi-isothermal wall

In the experiment, starting from a stabilised flame (case (i)), the mass flow rate is lowered to
reach the operating point of case (ii), in which the flame proceeds inside the tube over quasi-
isothermal walls. The diagnostics reported above are applied, the recording starts ten seconds
before the mass flow rate modification and is pursued up to a steadily propagating flame. Fig-
ure 6.5 shows flame images taken initially and then subsequently at 10 and 15 seconds. The
flame inclination is significantly reduced.
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Figure 6.5: Experimental snapshots at t = 0 s, t = 10 s and t = 15 s. White dotted line: flame
detected contour. Red dashed line: fitted ellipse.

The time evolution of the flame angle with the vertical determined from the fitted ellipse
is given in figure 6.6. Starting at a steady state with an angle of 24°, the propagation state
is reached at which the angle is 3°, yielding a relative decrease in inclination of 87.5%. This
decrease of angle to the vertical (reduction of inclination) is also observed in the simulation.
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Snapshots of the isothermal wall simulations with and without gravity are shown in figure 6.7.
The angle taken by the flame with gravity and isothermal wall is 6°, also much less pronounced
than in case (i) (30°). The relative decrease in inclination of flame simulated is of 80%. The
breaking of the symmetry is thus reported in both experiments and simulations with isothermal
and cold (T =300 K) wall.
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Figure 6.6: Time evolution of the flame angle to the vertical in the experiment. t = 0 denotes
the decrease in mass flow rate. Dotted: Stabilised flame with heat-conductive wall (case (i)).
Triangle: Propagating flame with isothermal wall (case (ii)).

top

bottom B

B

-

x

y

z

(a) Without gravity

top

g

bottom

(b) With gravity

Figure 6.7: Simulation of isothermal wall (case (ii)) of Table 6.1), with and without gravity.
Dashed-line: lines used for probing the vorticity budget.
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6.3.3 Analysis of baroclinic-torque response to gravity

Kazakov [72] pointed out, in a theoretical analysis, that the effect of gravity on confined flames
should be expressed via baroclinic effect. Body forces generate pressure and density gradients
and among the numerous coupling between density and pressure gradient present in flames, the
baroclinic torque is a well-established source of vorticity in curved reaction zones [25]

B =
1

ρ2
∇ρ×∇P =

1

ρ2

(
∂ρ

∂x

∂P

∂y
− ∂ρ

∂y

∂P

dx

)
z , (6.1)

where ρ is the density and P is the pressure. x is the streamwise coordinate (flow direction),
y is the transverse coordinate (gravity acceleration is −gy) and z the coordinate normal to the
channel plane. To seize the complete picture on vorticity effects over the flame, the balance
equation of the vorticity, ω = ∇ × u, is derived. To obtain this equation, the Navier-Stokes
momentum equation is manipulated to isolate the density in the left hand side,

∂ρu

∂t
+ ∇ · (ρuu) = −∇P + ∇ · τ + ρg , (6.2)

ρ

(
∂u

∂t
+ (u ·∇)u

)
+ u

∂ρ
∂t

+

∇·(ρu)︷ ︸︸ ︷
(u ·∇ρ) + ρ(∇ · u)


︸ ︷︷ ︸

=0 from continuity equation

= −∇P + ∇ · τ + ρg , (6.3)

with the velocity vector u = (u, v, w)T, the viscous tensor τ and usual notations for the other
variables. This equation is divided by the density and the curl operator is applied to derive the
vorticity equation,

∂∇× u

∂t
+[∇× (u ·∇)]u+(u·∇)∇×u = ∇×

(
−∇P

ρ

)
+∇×

(
∇ · τ
ρ

)
+∇×g , (6.4)

∂ω

∂t
= −(u ·∇)ω︸ ︷︷ ︸

i

+(ω ·∇)u︸ ︷︷ ︸
ii

−ω(∇ · u)︸ ︷︷ ︸
iii

+B︸︷︷︸
iv

+∇×
(
∇ · τ
ρ

)
︸ ︷︷ ︸

v

+∇× g︸ ︷︷ ︸
vi

. (6.5)

The various terms of the vorticity equation are now listed and simplified when possible. One
notes that ∇×∇P = 0 and in the present two-dimensional case, w = 0 and ∂/∂z = 0.
(i) is the transport of vorticity by convection.
(ii) is the vorticity due to vortex stretching and yields 0 in the present case,

(ω ·∇)u =


 0

0
∂v
∂x
− ∂u

∂y

 ·
 ∂

∂x
∂
∂y
∂
∂z


u = 0 . (6.6)

(iii) is the vorticity stretching by density change.
(iv) is the baroclinic contribution to vorticity, called the baroclinic torque (equation (6.1)).
(v) is the transport of vorticity by viscous effects.
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(vi) is the body force term, presently reduced to zero,

∇× g =

(
∂gy
∂x
− ∂gx

∂y

)
z = 0 . (6.7)

Finally, the budget equation yields,

∂ω

∂t
= −(u ·∇)ω︸ ︷︷ ︸

i

−ω(∇ · u)︸ ︷︷ ︸
iii

+B︸︷︷︸
iv

+∇×
(
∇ · τ
ρ

)
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v

. (6.8)

In the isothermal case without gravity, approaching the edge-flame close to the wall, the
pressure and density gradients in the y-direction feature opposite sign on both sides of the
channel centreline, whereas the density and pressure gradient in the x-direction stay the same.
The baroclinic torque given by relation (6.1) therefore changes its sign on both sides of the
channel centreline,
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ρ2
∇ρ×∇P

∣∣∣∣
bottom

= −Bbottom .

(6.9)
This is verified in figure 6.8 displaying the amplitude of the baroclinic torque along the dashed-
lines seen in figure 6.7(a). These plots are versus a reaction progress variable defined from the
CO2 mass fraction normalised by its value in the fully burnt gases (Y b

CO2
= 0.122576), also

collected along the dashed lines of figure 6.7. The baroclinic torque is thus positive on upper
part of the channel and negative on the bottom part, confirming the symmetric effects pictured
by the white arrows in figure 6.7(a).
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Figure 6.8: Baroclinic torque (iv) versus YCO2/Y
b

CO2
along the dashed-lines of figure 6.7(a).

All the terms contributing to the vorticity budget in equation (6.8) are shown in figure 6.9,
along with the total budget, which sums up to zero as expected for both gravity and no-gravity
steady cases. In the case without gravity, all terms change their sign between the upper and
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bottom parts of the narrow channel, leading to a fully symmetric stable reaction zone (symbols
in figures 6.9(a) and 6.9(b)). Accounting for the effect of gravity, the terms are not symmetric
with respect to the channel axis. Because the density difference between fresh and burnt gases
and flow acceleration are also very close with or without body forces, the amplitudes of the
various terms of equation (6.8) are only slightly affected by gravity. Actually, to elucidate the
mechanism that makes the flame to rotate when gravity is introduced, it is necessary to examine
the transient when the body forced is added.

(i)

(iii)

(iv)

(v)

(a) Top line of figure 6.7(a)

(i)

(iii)

(iv)

(v)

(b) Bottom line of figure 6.7(a)

Figure 6.9: Vorticity budget versus YCO2/Y
b

CO2
along the dashed-lines of figure 6.7. Lines: With

gravity. Symbols: Without gravity. Circles: (i) of equation 6.8 . Triangles: (iii). Squares:
baroclinic torque (iv). Crosses: (v). Stars: budget.

Starting from the converged simulation without gravity, the body force is added and the
upper edge-flame rotation is completed in 16 ms, to reach the slanted flame steady state of
figure 6.7(b). The introduction of gravity leads to an additional contribution to the baroclinic
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torque (6.1), which may be approximated as

1

ρ2

[
∂ρ

∂x

(
∂P
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)
g
−
(
∂ρ

∂y

)
g

∂P

dx

]
. (6.10)

Isolating the effect of gravity, its premier impact is to promote flow stratification with negative
density and pressure gradients in the vertical direction, (∂P/∂y)g < 0 and (∂ρ/∂y)g < 0.
Considering an isentropic flow at rest subjected to gravity, the relative variation of pressure
and density defines the speed of sound c2 = (∂P/∂ρ) > 1. Therefore, the amplitudes of the
density and pressure gradients in the vertical direction and due to gravity may be ranked as
(∂P/∂y)g < (∂ρ/∂y)g < 0. Across the premixed reaction zone, (∂P/∂x) < 0, (∂ρ/∂x) < 0

and (∂T/∂x) > 0. The ranking in pressure and density gradient evolves across the flame front
(figure 6.10). In the upstream part of the flame front (∂ρ/∂x) < (∂P/∂x) < 0, while further
downstream (∂P/∂x) < (∂ρ/∂x) < 0. These gradients in the streamwise direction are orders
of magnitudes larger than those in the vertical direction, therefore they may be assumed weakly
affected by the addition of gravity. Combining these observations, the baroclinic torque induced
by gravity (equation (6.10)) should be largely positive in the upstream part of the flame front
and decrease after, yielding globally a positive enhancement of the baroclinic torque across the
reaction zone.
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Figure 6.10: Pressure and density streamwise gradients versus YCO2/Y
b
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along the dashed-

lines of figure 6.7(a).

To verify this simple scaling, at the time t = 18 µs after adding gravity, the source of
vorticity is analysed by computing the variation of all the terms of equation (6.8). This variation
is measured in the simulation between their steady state value without gravity (figure 6.9) and
their value at t = 18 µs after gravity addition. In both the upper and the bottom edge-flame close
to wall, a positive source of baroclinic torque is indeed observed, corresponding to a positive
source of vorticity (figure 6.11). This addition of vorticity represents a few percent of the overall
baroclinic torque and is located across the reaction zones, where the longitudinal pressure and
density gradients occur.
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Figure 6.11: Deviation of vorticity balance versus YCO2/Y
b

CO2
along the dashed-lines of fig-

ure 6.7. Dashed-dot: (i) of equation 6.8. Dotted: (iii). Solid: baroclinic torque (iv). Dashed:
(v).

In the top part of the channel, the streamlines are then less deviated toward the centreline
with gravity when crossing the flame (figure 6.12), leading to their spreading upstream of the
flame with a local flow deceleration, followed by an upstream flame movement (see figure 6.13,
dashed line). In the bottom part of the channel, the opposite mechanism is found, with a highest
concentration of the streamlines by the added vorticity (figure 6.12(b)), leading to local flow
acceleration and a downstream flame movement (see figure 6.13, dotted line). The net result
is a reaction zone that is pushed downstream at the bottom and pulled upstream at the top to
evolve towards a slanted shape.

(a) Without gravity (b) With gravity

Figure 6.12: Case (ii). Streamlines and flame contours of 10, 30, 50 and 70% of max heat
release rate.
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Figure 6.13: Velocity distribution at a distance of 0.7 mm to the top and bottom wall. xflame:
maximum of heat release on the probed line.

6.4 Influence of external heating and channel dimensions on
the stability of symmetric flame topologies

In the previous section, a detailed analysis shows how the gravity field is associated to a gener-
ation of baroclinic torque, leading to flame shape asymmetry. A flame, thermally coupled with
the channel walls, is found symmetrical and tulip-shaped (figure 6.3, top right) in the absence
of gravity to take a strong tilting under the buoyant effects (figure 6.3, bottom right). Never-
theless, on-earth experiments show the possibility of observing stable symmetric tulip-shaped
flames propagating in horizontal narrow channels [14, 29, 30], by providing an intense external
heating of the channel walls. These observations point out the stabilizing effect, in term of
symmetry, of external thermal enhancement.

Fig. 3. When the fresh flow rate is increased the flame moves
toward the maximum of the imposed temperature profile. Due to
increased heat losses, the flame temperature and flame speed
become lower [19] and the shape of the flame is driven by the
incoming fresh gases velocity profile, as described in [20].

Unstable flames, named FREI (flames with repetitive extinction
and ignition) are present in the middle range of the inlet velocities
(0.05–0.35 m/s). Ignition occurs downstream while extinction is
observed upstream. The propagation is very fast and the extinction
and ignition positions change as a function of the fresh gases flow
rate.

We have also observed unstable oscillating flames, in the tran-
sition between stable flames and FREI regime. The flame ignites
downstream, propagates upstream and oscillates before extinction.
This phenomenon, reported previously by Tsuboi et al. [21] and
called ’oscillating FREI’, is highlighted on Figs. 4 and 5. This regime
has been simulated numerically by Minaev et al. [22] using a 1D
thermo-diffusive model and by Jackson et al. [23] using a fixed Poi-
seuille flow-field.

Temporal evolution of the CH⁄ signal is displayed on Fig. 5. One
can notice on the Fig. 5a the cyclic trace of the signal before the
extinction. For example, at fresh gases velocity of 0.34 m/s the
number of oscillations is variable, whereas at 0.33 m/s, two oscilla-
tions before extinction are observed. At 0.32 m/s, the FREI regime
without oscillation is observed as shown in Fig. 5b. The FREI regime
occurs for fresh gases velocities down to 0.05 m/s. One can notice
that the flame luminosity is increased artificially because the flame
is oscillating at the same position.

Finally, weak flames, typical of mild combustion [24], are
observed for velocities lower than 0.05 m/s. These weak flames
have very low luminosity and, as shown in previous studies, the
behavior of reactive mixture can completely change [25,26] result-
ing in a weak temperature increase during the combustion process.
At 0.04 m/s oscillating weak flames are visible; this regime has
been predicted numerically by Jackson et al. [23] and referred in
[21] as a ‘combination’ flame with small amplitude. The weak
flame becomes stable at 0.03 m/s, as shown in Fig. 6b.

3.2. Effect of flow velocity

Fig. 7 compares the results obtained here for a stoichiometric
CH4/air mixture and those obtained by Tsuboi et al. [21].

The different flame behaviors described above are shown in
Fig. 7. The solid symbols correspond to the stable flame case. The
open symbols indicate FREI regime. Ignition occurs at high temper-
atures (right hand side) and extinction occurs at lower tempera-
tures (left hand side). Weak flames are represented by crosses.
The transition region between the stable flames and the FREI is
clearly shown in this figure, with a discontinuity in the evolution
corresponding to the ‘‘oscillating FREI” (0.32–0.34 m/s).

If we compare our results with those obtained by Tsuboi et al.
[21,27] one can see that the same trends are observed, but signif-
icant differences appear in terms of temperature readings. We
believe that these differences are mainly due to differences in
experimental setup. Primarily, the temperature gradient of the pre-
sent study is steeper and micro blowtorches distribute heat evenly
around the tube whereas in the experiments of Tsuboi et al. [21],
the tube is heated from the below by a flat flame burner. Further-
more, the flame in the tube has an impact on the wall temperature.
The temperature profile is measured continuously by the infrared
camera in our experiments showing that heat released by the
flame inside the tube cannot be neglected, as can be seen in Fig. 8.

To better understand the differences between the present
results and those of Tsuboi et al. [21], experiments with two heat
sources were carried out. The top burner was removed to simulate

Fig. 2. Temperature profile along the tube.
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Fig. 3. Images of stable flames for stoichiometric CH4/air mixtures in a 2.15 mm
inner diameter tube. Flow rates: (a) 0.37 m/s, (b) 0.5 m/s, (c) 1 m/s.

Flow

Fig. 4. Images of instable flames for a stoichiometric CH4/air mixture and 2.15 mm
inner diameter tube: the ignition occurs close to the blowtorches position (at left)
while extinction is upstream. Flow rates: (a) 0.32 m/s, (b) 0.33 m/s, (c) 0.34 m/s.
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(b) Image of a stable tulip-shaped stoichiometric
CH4/air flame in a 2.15 mm inner diameter tube

Figure 6.14: Experimental set-up and observation extracted from [29].

Notably, Di Stazio et al. [29] studied the propagation of a stoichiometric methane/air flame
in a narrow tube, of internal diameter Di = 2.15 mm, heated by an external source (fig-
ure 6.14(a)). In the tube wall, a temperature profile peaking bellow 1600 K is imposed, and
the inlet flow rate is varied to observe the flame response. Under an inlet flow rate of 1 m.s−1,



The role of gravity and external heating in the asymmetry of flames stabilized in a
narrow combustion chamber 133

a stable tulip-shaped flame is observed (figure 6.14(b)).
Presently, numerical simulations are conducted in order to understand the mechanism per-

mitting for the stablity of the symmetric flame topology. The objective is not to reproduce with
fidelity the experiment in [29], but to obtain an analogous configuration for the flame propaga-
tion. Accordingly, the same equivalence ratio, φ = 1.0 (thus employing the kinetic mechanism
17S-53R-1.0), and inlet bulk velocity, SL = 1 m.s−1, are used in the simulations. The wall
temperature profile imposed (see figure 6.15) mimics the temperature profile obtained in the
experiment from the external heat source (see [29], figure 8).
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Figure 6.15: Temperature profile imposed within the channel walls, in the simulation. Peak
located at x = 0.

Starting from the thermally coupled simulation without gravity (figure 6.3, top right), the
wall temperature is progressively relaxed toward the experimental profile, while neglecting for
buoyant effects. In this channel of internal height `i = 5 mm, the subsequent introduction of
gravity in the simulation still breaks the flame shape symmetry, although the imposition of the
high wall temperature profile in figure 6.15. Considering the tube dimension in the experiments
(Di = 2.15 mm) and the promotion of flow/wall heat transfer with low characteristic length,
smaller channels are tested numerically. The channel height is thus reduced step by step, until
finding a dimension which yields a stable tulip-shaped flame, when introducing gravity in the
simulation.

The cases `i = 1.8 mm and `i = 1.6 mm are reported in figures 6.16(a) and 6.16(b),
respectively. The transition from a symmetric tulip to an asymmetric flame topology is observed
for the case `i = 1.8 mm (see figure 6.16(a)), and bigger dimensions. This transition is quickly
initiated when applying gravity, exhibiting an asymmetric flame after 4 ms only. Focusing on
the flame topology, the high temperature favours the flame propagation near the walls, leading
to flame tails positioned upstream from the flame central inflection point (peak of heat release).
For the case `i = 1.6 mm and lower dimensions, the flame conserves its symmetric tulip shape
when introducing gravity (see figure 6.16(b)), even after 80 ms of simulation. The combination
of external heating and channel height reduction, permits thus to stabilize symmetric flames.
At this dimension, the favoured flow/wall heat exchanges lead to auto-ignition of the incoming
flow. On one hand, at the temperature of 1600 K, the auto-ignition delay of a stoichiometric
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methane mixture is τig ' 0.55 ms (see chapter 3, figure 3.5). On the other hand, the residency
time of particles in the flame thermal diffusion layer tres,th, defined as the thermal diffusion layer
thickness (taken as five times the flame thickness) over the flame burning rate SL, is

tres,th =
5δF

SL
' 1 ms > τig , (6.11)

with δF = 194 µm probed at the axis in the simulation.
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(a) `i = 1.8 mm, xflame = −2.1 mm
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(b) `i = 1.6 mm, xflame = −2.3 mm

Figure 6.16: Effect of channel dimension and external heating on small-scale channel flames
when gravity is entered (t = 0). xflame: position of the maximum of heat release.

Since based on auto-ignition, the nature of the present symmetric flame is quite different
from the self-sustained flames studied in the previous sections. To the authors knowledge, the
only experimental observations of stable tulip-shaped flames propagating in small-scale channel
were performed while heating the tube [29] or the flat channel [14, 30]. The ability to recover
numerically this behaviour, in the same framework as the one used to explain the stability of
slanted flames, gives confidence in the overall validity of the numerics used in the present work.

In this chapter, experimental measurements and simulation reports similar trends for flames
freely propagating above isothermal walls or stabilised by the incoming flow with strongly cou-
pled heat exchanged with and within the wall. Both flames are asymmetrical, with an inclination
that is less pronounced in the isothermal wall case. In the absence of modification by gravity
of the convection on the outside channel wall, the flame is still tilted, with an anchoring at the
upper wall. The heat-retrocession via conduction in the wall and the thermal boundary layer in
the fresh gases upstream of the flame, increase the inclination of the slanted flames. Based on
a previous theoretical study [72], the response of the baroclinic torque to gravity is explored to
elucidate its responsibility on the flame tilting in such narrow combustion-systems. To finish,
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based on numerical simulation, stable symmetric flame are shown to be sustainable under spe-
cific external heating and channel dimensions, as observed experimentally [29]. Characteristic
times analysis points out that the topology of these flames is based on auto-ignition.
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7.1 Chapter summary

To conclude the manuscript, this chapter is organised as follows. First, section 7.2 quickly re-
calls the context and objectives of this study before summarizing the Ph. D. thesis main achieve-
ments. Then, from the observations gathered along this document, perspectives are opened in
section 7.3. An emphasis is made on the improvements to be brought to the present work, along
with the future studies of interest to further apprehend the physics of micro-combustion.

7.2 Conclusion

In the general context of miniaturization, the obstacles littering the path to weight and size re-
duction of electrical batteries now create a gap between the power sources and the powered
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devices. From the high energy density of hydrocarbons compared to electrical batteries, small-
scale combustion is believed to offer an adapted power source to small weight-constrained appli-
cations. Since last decades, researchers from the combustion community are pushed toward this
new field. For example, prototypes of micro-propeller have been developed for the propulsion
of micro-satellites, application well known for its mass constrains. Still, the physics controlling
this young field quite differ from that of classical macro-scale combustion and need more under-
standing. Among the aspects calling for research efforts, this work intends to provide elements
on two main points:

• First, a deeper comprehension of the physical parameters controlling or influencing the
flame characteristics is valuable, requiring for complete physical analyses of the intricate
phenomena occurring in small-scale burners. Physical analyses are the cornerstone of the
present work as chapters 4, 5 and 6, are dedicated to them.

• Second, concerning the numerical simulations, the models employed to mimic this espe-
cial physics require a questioning to provide meaningful results. Some points are treated
in chapter 3 through the study of the reduction methods for kinetic mechanisms, and in
chapter 6 via the consideration of symmetry assumptions.

To conduct thorough analyses, DNS of methane/air flames propagating in a 5 mm high flat canal
are conducted, with complex chemistry and transport modelling. Further the thermal coupling
between the channel walls and the flow is considered. To do so, a numerical solver for the
energy conservation in the solid was developed from scratch during this Ph. D. thesis.

7.2.1 Chemistry modelling

In chapter 3, the methods employed to derive reduced kinetic mechanisms from detailed schemes
are questioned. It is shown that some reduction strategies, typically employed in the modelling
of macro-scale combustion, are not fit to micro-combustion. In response, a reduction method
tailored to our field of interest is derived. Accordingly, the detailed GRI-1.2 mechanism is re-
duced following different reference trajectories. From the absence of overwhelming heat losses
in macro-combustion and the simplicity of the procedure, the reduction strategy based on adia-
batic flames only is the most commonly employed. This general procedure is first tested:

• A 15 species and 26 reactions mechanism is obtained while reducing the GRI-1.2 based
on an adiabatic flame only.

Still, in the case of small-scale combustion, the flame is subjected to quenching at the wall
because of heat loss and may potentially undergo self ignition for an excess of enthalpy trans-
ferred to the fresh gases. To account for such small-scale phenomena, a second reduction is
performed:

• A 17 species and 53 reactions mechanism is obtained based on auto-ignition and multiple
1D flames submitted to uniform heat loss, from adiabatic to quenching conditions.
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Both mechanisms are tested, against the reference GRI-1.2, on a multi-dimensional simulation
of a stabilised flame, thermally coupled with the small-scale channel walls. The second strat-
egy is shown to provide far better, and quite accurate, results with the additional cost of two
species only. In conclusion, the reduction of kinetic mechanisms, based on auto-ignition and
multiple 1D flames submitted to uniform heat loss, is adapted to the modelling of small-scale
combustion.

7.2.2 Flame/wall interactions

Few studies focus on stable, instead of moving, flames propagating in small-scale channels. The
interest of such a configuration is nevertheless obvious, from most energy producing burners
prototypes effectively exhibit stable flames. Presently, the difficulties arising from the numerical
stabilisation of such flames, while accounting for the heat coupling with the wall, have been
overcome to analyse the flame behaviour in a micro-burner.

The literature review points out that micro-combustion differs from macro-combustion,
from the sheared flow and the heated channel walls interacting with the flame. In chapter 4,
the impact of the boundary layer and heat recirculation on a stoichiometric flame dynamics and
topology, is investigated. Notably, compared to an adiabatic flame, the flame speed increases
with edge-flame quenching at an isothermal cold wall in the absence of a boundary layer, de-
creases with a boundary layer, to increase again with heat transfer coupling within a 1 mm thick
quartz wall. A scaling low and additional budgets are applied on the simulations. It reveals that
the flame speed depends on several parameters:

• The flame topology, both via an increase of the reaction zone surface and the deviation of
the incoming wall-constrained flow, in this low-Mach configuration.

• The heat losses suffered by the flame from the proximity of a cold wall.

• The heat retrocession from the burnt to the fresh gases, via conduction within the wall.

To conduct a deeper analysis of the flame/wall thermal coupling, the wall conductivity and
the external convective heat transfer coefficient are varied. Under a small level of convective
heat transfer with the ambient air surrounding the channel, the larger the thermal conductivity in
the solid, the faster the reaction zone propagates in the vicinity of the wall, leaving the centreline
reaction zone behind. The premixed flame front is then concave towards the fresh gases on
the axis of symmetry (so-called tulip flame) with a flame speed higher than in the adiabatic
case. Increasing the heat loss at the wall through convection with ambient air, the flame shape
becomes convex (mushroom flame) and the flame speed decreases below its adiabatic level.

This study shows both that the flame speed is directly related to its topology and that an
intricate coupling exists between the channel thermal characteristics and the flame topology.
Consideration of the flame/wall thermal coupling and multi-dimensional simulations are thus
necessary to model properly the flame dynamics.
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7.2.3 Flame response to upstream heating

Reaction zone propagation in a narrow channel, after introducing heat upstream of a premixed
flame front, is studied numerically in chapter 5. Various heating intensities are considered and
a minimum heating supply is found necessary to initiate a complete flame translation. Quite
logically, the distance over which the flame proceeds and the speed of the flash back, both
depend on the amount of heat brought to the system. Several observations are made, analysing
the transient simulations:

• A specific attention is paid on the relative contributions of heat convection in the flow, and
heat conduction in the solid, on the flash back triggering. The heat transfer mechanism
triggering the flame movement is revealed to be mainly convective.

• The flame translation is found to be organised in two stages, with first a downstream
movement due to fresh gases expansion because of their heating by the wall, followed by
the upstream propagation due to the enhancement of the burning rate by the preheating of
the mixture.

• During the translation, the speed of the flame and its shape are shown to result from the
intricate coupling between the wall temperature at the flame edge and the flow tempera-
ture on the centreline of the channel. Thus conduction of heat in the solid and convection
in the fluid are both at play during flash back.

Similarly to the experiments evoked in this chapter, a simulated flame is found to stabilise in
the heated area, confirming the possibility to position the premixed flame at a desired position.

7.2.4 Role of the gravity in the breaking of flame symmetry

Concerning flames propagating in horizontal small-scale channels, previous on-earth experi-
ments show the stability of a slanted flame with a preferential anchoring at the top in place of
a symmetric flame. Although not based on complete analyses, these studies state that this ob-
servation might be related to a natural convection effect surrounding the channel, favouring the
heating of the superior part of the channel external surface.

Based on experiments, theory and numerics, chapter 6 provides a comprehensible expla-
nation for the observation of this breaking of flame symmetry. Along with the experimental
team composed of A. Pieyre and F. Richecoeur (EM2C lab, UPR 288 CNRS), this observation
is pointed out to be recovered both when the flame propagates along cold walls and when it is
stabilized and thermally coupled with the channel walls. Numerically, the physical phenomena
at play are incorporated progressively to finally show the preponderant role played by gravity
in the symmetry breaking. A theoretical analysis of the configuration is developed, predicting
that gravity acts on the flame topology via a positive enhancement of the baroclinic torque at
the flame crossing. This modification of the vorticity budget results in a deviation of the in-
coming streamlines in a coherent manner with the experimental observations. The analysis is
supported by the post-processing of a series of simulations. Both in experiments and numerical
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simulations, the flame is shown to exhibit a stronger inclination when thermally coupled with
the channel walls than when propagating along cold walls. The influence of heat retro-cession
on the flames inclination is analysed and explained.

Finally, further investigations show and comment the stabilizing effect of the wall external
heating and the flame/wall proximity on the flame symmetric form, as observed in previous
experiments. The nature of these stable tulip-shaped flames is based on auto-ignition, and is
consequently quite different from self-sustained combustion.

7.3 Perspectives

The work presented in this manuscript could be improved and continued regarding several
points: (1) the extension of the observations made in microgravity to on-earth conditions, (2)
the ability to compare the simulations to experimental data, (3) the selection of the reference
kinetic mechanism in the reduction process, (4) the study of thermally optimised micro-burners
and (5) the study of catalytic combustion at small-scale. These points are now further discussed.

7.3.1 On-earth intricate boundary layer, heat recirculation and flame cou-
pling

In chapter 6, gravity is demonstrated to have a decisive effect on flame topology. Besides,
chapters 4 and 5 are the occasion to stress the coupling between the flame topology and its
dynamics. However, these two chapters analyse flames in a microgravity context, which is not
without interest in the light of the possible applications of micro-combustion. Still, the study of
the gravity effect during upstream flame propagation, or while varying the thermal properties
driving the channel heat transfer to the ambient, would be of interest.

7.3.2 Experimental comparisons

A special attention is paid to provide data with precision along the various analyses proposed.
Although consistent with the experimental observations highlighted, the present results are not
built to reproduce a specific experimental set-up. Further attention could be brought to the build-
ing of a numerical framework matching precisely an experiment in order to provide quantitative
comparisons. Efforts would need to be made on the modelling of heat losses from the channel
walls, notably their variations with the channel temperature. Tabulating radiative and convective
heat transfer coefficients from experimental data could provide thorough comparisons.

7.3.3 Low temperature chemistry

During chapter 3, it is evoked that the choice of the GRI-1.2 mechanism, as a reference mech-
anism, is made due to its applicability to a reference simulation and the absence of complex
kinetic mechanisms perfectly fitted to the present application. Indeed, from the difficulties in
conducting experimental measurements close to the walls, the chemistry driving the edge-flame



Conclusion and perspectives 142

quenching is little known and complex kinetic mechanisms adapted to edge-flame quenching
are not available yet. Joint efforts with experimental teams and chemistry specialists would be
of great help to develop such detailed mechanisms, which may subsequently be employed as
references for the work presented in chapter 3.

7.3.4 Thermally optimised and catalytic burners

In the introduction, two methods for managing small-scale combustion are presented, as they
would extend the flammability limits impairing the flame stability. The design of thermally
optimised burner, favouring the excess enthalpy of fresh gases is seriously envisaged in practice
as it presents now little technological challenge in terms of fabrication. Still, few combus-
tion research works have been presented in this direction and employing the present numerical
framework to this problem would be valuable. Besides, catalytic combustion has been studied
for some times and small-scale burners are good candidates to this technology as they yield a
close relation between the flame and the walls. The transfer of this knowledge to the field of
micro-combustion would also be a step toward the feasibility of micro-burners.





Appendix A

Reduced mechanisms for small-scale
combustion at φ = 0.8 and φ = 0.7

Chapter 3 introduced a reduction strategy, employed to derive a skeleton kinetic mechanism,
fitted to model small-scale combustion at stoichiometric conditions. During the reduction from
the reference GRI-1.2 mechanism, the targeted species were CH4, O2, H2O, CO2 and CO. The
fitness function, defined for optimisation, involved the evolution of these species (versus space
or time) and the flame speed in the case of the one-dimensional propagating premixed flames.
The canonical stoichiometric flames computed for this reduction procedure involved:

• A zero-dimensional homogeneous reactor, whose initial temperature is varied between
1000 K and 1600 K.

• A freely propagating adiabatic one-dimensional premixed flame.

• A set of freely propagating one-dimensional premixed flames subjected to an amount of
heat loss increasing up to flame quenching.

The resulting scheme is referred as 17S-53R-1.0. Simultaneously, a second kinetic mecha-
nism, 15S-26R, involving 15 species and 26 reactions, was reduced considering only the freely
propagating adiabatic one-dimensional premixed flame. Finally, both skeleton schemes were
compared to the reference GRI-1.2 mechanism, revealing the interest of considering the zero-
dimensional homogeneous reactor and the set of freely propagating one-dimensional premixed
flames subjected to heat loss in the reduction process. In this appendix, skeleton mechanisms
are reduced following a method similar to the 17S-53R-1.0, for equivalence ratios of 0.8 (17S-
53R-0.8 in table A.1) and 0.7 (17S-53R-0.7 in table A.2). Results on the canonical problems
are displayed bellow for information, without reproducing the complete analysis of chapter 3.
Globally, the performances of 17S-53R-0.8 and 17S-53R-0.7 against the GRI-1.2 mechanism,
at the corresponding equivalence ratios, are comparable to the ones of 17S-53R-1.0 under stoi-
chiometric conditions.
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Reaction A β Ea

1 O+H2�H+OH 4.720E+04 2.600 6160
2 O+HO2�OH+O2 2.220E+13 0 0
3 O+H2O2�OH+HO2 6.320E+06 1.955 3975
4 O+CH3�H+CH2O 4.810E+14 0 0
5 O+CH4�OH+CH3 1.330E+09 1.508 8621
6 O+HCO�OH+CO 3.400E+13 0 0
7 O+HCO�H+CO2 4.710E+13 0 0
8 O+CH2O�OH+HCO 5.190E+13 0 3471
9 O+CH3O�OH+CH2O 1.420E+13 0 0
10 O2+CH2O�HO2+HCO 1.950E+14 0 39215
11 H+O2+M�HO2+M 5.630E+18 -0.716 0
12 H+2O2�HO2+O2 4.150E+20 -1.658 0
13 H+O2+H2O�HO2+H2O 4.180E+18 -0.723 0
14 H+O2+N2�HO2+N2 1.090E+20 -1.626 0
15 H+O2�O+OH 8.520E+13 0 14100
16 H+HO2�O+H2O 1.910E+12 0 698
17 H+HO2�O2+H2 3.270E+13 0 1085
18 H+HO2�2OH 6.030E+13 0 635
19 H+H2O2�HO2+H2 9.640E+06 2.086 5320
20 H+CH3+M�CH4+M 3.300E+16 -0.525 387
21 H+CH4�CH3+H2 1.030E+09 1.608 11033
22 H+HCO+M�CH2O+M 5.300E+11 0.483 0
23 H+HCO�H2+CO 7.680E+13 0 0
24 H+CH2O+M�CH3O+M 1.440E+12 0.444 2665
25 H+CH2O�HCO+H2 3.080E+10 1.044 3335
26 H+CH3O�H2+CH2O 2.130E+13 0 0
27 H+CH3O�OH+CH3 3.640E+13 0 0
28 OH+H2�H+H2O 3.580E+08 1.555 3606
29 2OH+M�H2O2+M 7.800E+13 -0.272 0
30 2OH�O+H2O 3.840E+04 2.553 0
31 OH+HO2�O2+H2O 1.410E+14 0 0
32 OH+H2O2�HO2+H2O 9.360E+14 0 9243
33 OH+CH4�CH3+H2O 5.770E+07 1.591 3107
34 OH+CO�H+CO2 4.160E+07 1.242 70
35 OH+HCO�H2O+CO 5.480E+13 0 0
36 OH+CH2O�HCO+H2O 4.200E+09 1.214 0
37 OH+CH3O�H2O+CH2O 2.200E+13 0 0
38 2HO2�O2+H2O2 2.020E+11 0 0
39 2HO2�O2+H2O2 5.110E+14 0 12090
40 HO2+CH3�O2+CH4 1.870E+12 0 0
41 HO2+CH3�OH+CH3O 3.470E+13 0 0
42 HO2+CO�OH+CO2 3.530E+14 0 23896
43 HO2+CH2O�HCO+H2O2 8.980E+11 0 7858
44 CH3+O2�O+CH3O 2.470E+13 0 28850
45 CH3+O2�OH+CH2O 1.640E+10 0 9026
46 CH3+H2O2�HO2+CH4 2.620E+04 2.616 4950
47 2CH3+M�C2H6+M 8.620E+15 -0.857 619
48 CH3+HCO�CH4+CO 4.340E+13 0 0
49 CH3+CH2O�HCO+CH4 3.440E+03 2.669 6139
50 HCO+H2O�H+CO+H2O 6.480E+17 -0.903 17515
51 HCO+M�H+CO+M 1.420E+17 -0.881 16678
52 HCO+O2�HO2+CO 8.030E+12 0 396
53 CH3O+O2�HO2+CH2O 4.280E-13 7.874 0

Table A.1: 17S-53R-0.8 kinetic mechanism. Units are mol, s, cm3, cal and K. Reduced CH4/Air
scheme for the modelling of small-scale combustion at an equivalence ratio of 0.8. The Chap-
eron efficiencies of the GRI-1.2 mechanism are preserved for both three-body and fall-off reac-
tions.
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Reaction A β Ea

1 O+H2�H+OH 5.480E+04 2.615 6101
2 O+HO2�OH+O2 1.100E+13 0 0
3 O+H2O2�OH+HO2 8.130E+06 2.062 4005
4 O+CH3�H+CH2O 1.570E+14 0 0
5 O+CH4�OH+CH3 6.030E+08 1.456 8628
6 O+HCO�OH+CO 2.440E+13 0 0
7 O+HCO�H+CO2 2.030E+13 0 0
8 O+CH2O�OH+HCO 2.400E+13 0 3519
9 O+CH3O�OH+CH2O 8.690E+12 0 0
10 O2+CH2O�HO2+HCO 9.060E+13 0 40421
11 H+O2+M�HO2+M 3.600E+18 -0.866 0
12 H+2O2�HO2+O2 4.880E+20 -1.721 0
13 H+O2+H2O�HO2+H2O 1.140E+19 -0.772 0
14 H+O2+N2�HO2+N2 5.130E+20 -1.772 0
15 H+O2�O+OH 1.410E+14 0 14465
16 H+HO2�O+H2O 2.540E+12 0 656
17 H+HO2�O2+H2 4.370E+13 0 1059
18 H+HO2�2OH 9.310E+13 0 622
19 H+H2O2�HO2+H2 1.460E+07 2.027 5059
20 H+CH3+M�CH4+M 3.360E+16 -0.612 375
21 H+CH4�CH3+H2 6.990E+08 1.637 10982
22 H+HCO+M�CH2O+M 7.990E+11 0.465 0
23 H+HCO�H2+CO 6.000E+13 0 0
24 H+CH2O+M�CH3O+M 3.870E+11 0.462 2519
25 H+CH2O�HCO+H2 2.080E+10 1.039 3239
26 H+CH3O�H2+CH2O 1.720E+13 0 0
27 H+CH3O�OH+CH3 2.620E+13 0 0
28 OH+H2�H+H2O 2.600E+08 1.543 3463
29 2OH+M�H2O2+M 8.170E+13 -0.371 0
30 2OH�O+H2O 3.600E+04 2.359 0
31 OH+HO2�O2+H2O 3.200E+13 0 0
32 OH+H2O2�HO2+H2O 8.460E+14 0 9579
33 OH+CH4�CH3+H2O 7.740E+07 1.585 3117
34 OH+CO�H+CO2 5.450E+07 1.209 71
35 OH+HCO�H2O+CO 3.300E+13 0 0
36 OH+CH2O�HCO+H2O 3.650E+09 1.206 0
37 OH+CH3O�H2O+CH2O 4.830E+12 0 0
38 2HO2�O2+H2O2 1.380E+11 0 0
39 2HO2�O2+H2O2 6.320E+14 0 11863
40 HO2+CH3�O2+CH4 1.180E+12 0 0
41 HO2+CH3�OH+CH3O 1.490E+13 0 0
42 HO2+CO�OH+CO2 9.220E+13 0 23676
43 HO2+CH2O�HCO+H2O2 9.780E+11 0 8223
44 CH3+O2�O+CH3O 2.660E+13 0 28673
45 CH3+O2�OH+CH2O 3.180E+10 0 9067
46 CH3+H2O2�HO2+CH4 2.330E+04 2.402 5121
47 2CH3+M�C2H6+M 1.030E+16 -0.962 619
48 CH3+HCO�CH4+CO 3.800E+13 0 0
49 CH3+CH2O�HCO+CH4 3.270E+03 2.760 5797
50 HCO+H2O�H+CO+H2O 2.690E+18 -0.975 17218
51 HCO+M�H+CO+M 1.140E+17 -1.027 17310
52 HCO+O2�HO2+CO 7.660E+12 0 398
53 CH3O+O2�HO2+CH2O 4.280E-13 7.901 0

Table A.2: 17S-53R-0.7 kinetic mechanism. Units are mol, s, cm3, cal and K. Reduced CH4/Air
scheme for the modelling of small-scale combustion at φ = 0.7. The Chaperon efficiencies of
the GRI-1.2 mechanism are preserved for both three-body and fall-off reactions.
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A.1 17S-53R-0.8 mechanism assessment

A.1.1 Flame speed

For φ = 0.8 under SCTP , figure A.1 shows the flame speeds obtained with the skeletal mech-
anism and the detailed chemistry. The parameter αloss is varied from the adiabatic condition
(αloss = 0) up to flame quenching. Quenching is observed for αloss = 38.5 kW.m−3.K−1 with
the reference detailed mechanism and αloss = 36.5 kW.m−3.K−1 with 17S-53R-0.8.
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Figure A.1: Flame velocity value vs heat loss down to quenching conditions.

A.1.2 Auto-ignition delays

Auto-ignition delays are reproduced in a satisfactory manner by the 17S-53-0.8 mechanism (see
figure A.2).
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Figure A.2: Auto-ignition delays.

A.1.3 1D flame profiles

In figure A.3, the distributions of temperature, major target species and minor species obtained
with the 17S-53R-0.8 chemical kinetics are compared to the detailed reference mechanism.
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Figure A.3: Comparison between detailed (GRI-1.2 [41]) and 17S-53R-0.8 (table A.1) reduced
chemistry. 1D profiles are provided for the four reference trajectories of the 17S-53R-0.8
scheme reduction. Lines: GRI-1.2. Full points: 17S-53R-0.8. αloss = 0 kW.m−3.K−1: full
line and squares. αloss = 10 kW.m−3.K−1: dashed line and circles. αloss = 20 kW.m−3.K−1:
dash-dotted line and triangles. αloss = 30 kW.m−3.K−1: dotted line and diamonds.
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A.2 17S-53R-0.7 mechanism assessment

A.2.1 Flame speed

For φ = 0.7 under SCTP (Standard Conditions for Temperature and Pressure), figure A.4 shows
the flame speeds obtained with the skeletal mechanism and the detailed chemistry. The param-
eter αloss is varied from the adiabatic condition (αloss = 0) up to flame quenching. Quench-
ing is observed for αloss = 16.7 kW·m−3·K−1 with the reference detailed mechanism and
αloss = 15.4 kW.m−3.K−1 with 17S-53R-0.7.
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Figure A.4: Flame velocity value vs heat loss down to quenching conditions.

A.2.2 Auto-ignition delays

Now again, auto-ignition delays are reproduced in a satisfactory manner by the 17S-53-0.7
mechanism (see figure A.5).
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Figure A.5: Auto-ignition delays.

A.2.3 1D flame profiles

In figure A.6, the distributions of temperature, major target species and minor species obtained
with the 17S-53R-0.7 chemical kinetics are compared to the detailed reference mechanism.
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Figure A.6: Comparison between detailed (GRI-1.2 [41]) and 17S-53R-0.7 (table A.2) reduced
chemistry. 1D profiles are provided for the four reference trajectories of the 17S-53R-0.7
scheme reduction. Lines: GRI-1.2. Full points: 17S-53R-0.7. αloss = 0 kW.m−3.K−1: full
line and squares. αloss = 5 kW.m−3.K−1: dashed line and circles. αloss = 9 kW.m−3.K−1:
dash-dotted line and triangles. αloss = 15 kW.m−3.K−1: dotted line and diamonds.





Appendix B

Meshing for DNS

In this appendix, the mesh refinement required in SiTCom-B to capture the flame front of a sto-
ichiometric adiabatic flame, modelled with the schemes 15S-26R, 17S-53R-1.0 and GRI-1.2,
is estimated. Results are compared to the ones furnished by Cantera simulations, whose auto-
matic mesh refinement permits to capture perfectly the flame front. Various mesh resolutions are
tested with SiTCom-B. The first mesh resolution tested is 50 µm, which is at the upper limit for
the DNS of CH4/air flames find in the litterature. Refer to the study of side wall quenching [42],
where the 16 species and 25 reactions mechanism by Smooke and Giovangigli [138] was em-
ployed on a 50 µm mesh, based on the commonly-employed criterion requiring for the mesh
resolution to be ten times finer than the flame thickness. Depending on the kinetic mechanism,
finer mesh resolutions are tested until providing satisfactory results.

• For the skeleton schemes 15S-26R and 17S-53R-1.0, the 25 µm mesh resolution is shown
to improve significantly the results and is selected for future simulations.

• A mesh resolution of 12.5 µm is found more appropriate in the case of the detailed GRI-
1.2 mechanism.

B.1 15S-26R

Figure B.1 gathers the comparison of the mass fraction and species source term profiles ob-
tained with SiTCom-B (50 µm) and Cantera. Globally, results obtained from SiTCom-B with
this mesh resolution yield a behaviour coherent with the reference. The mass fraction profiles
of main and most intermediate species follow the Cantera solution. Although the H radical
presents small discrepancies with the reference (figure B.1(e)), the mass fractions profiles seem
satisfactory overall. Still, although they are not systematically mobilised when comparing ki-
netics across a flame, species source terms profiles offer a deeper sight of the flame resolution.
When analysing figures B.1(b), B.1(d) and B.1(f), it is revealed that almost none of the source
terms is properly seized with the 50 µm mesh resolution. The profiles do not capture accurately
the peaks, compared to the perfectly resolved Cantera flame.
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Figure B.1: Comparison of the mass fraction and species source term profiles, across an adi-
abatic stoichiometric methane/air flame, computed with different codes and mesh resolutions.
Lines: Cantera (reference). Symbols : SiTCom-B (50 µm). 15S-26R scheme.
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Figure B.2: Comparison of the mass fraction and species source term profiles, across an adi-
abatic stoichiometric methane/air flame, computed with different codes and mesh resolutions.
Lines: Cantera (reference). Symbols : SiTCom-B (25 µm). 15S-26R scheme.
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Figure B.2 displays the mass fraction and species source term profiles obtained with SiTCom-
B (25 µm) and Cantera. By using a finer mesh, the gap present between Cantera and SiTCom-B
simulations is strongly reduced. This achievement is especially visible on the species source
term profiles which, although they are not perfect, yield far better results. In response, mass
fraction profiles are also better respected, see HO2 for example.

Cantera SiTCom-B (25 µm) SiTCom-B (50 µm) Units
So

L 38.47 38.03 37.71 cm.s−1

T o
F 2231 2231 2231 K
δo

F 448 451 453 µm

Table B.1: Adiabatic flame speed, temperature and thickness obtained with different codes and
mesh refinement. 15S-26R scheme.

Finally, results of the three simulations on key flame characteristics are gathered in table B.1.
With a mesh resolution of 50 µm, the errors on estimations are 1.5 % for the flame thickness, 2 %
for the flame speed and minus than 1 ‰ for the burnt gas temperature. The mesh refinement to
25 µm improves the flame thickness and velocity predictions to 0.7 % and 1 %, respectively. As
evoked in the literature, flame quenching requires a fine description of the kinetics. The peak
values of main and intermediate species source terms are far better recovered with the finer
mesh, making this resolution more reliable for the flame structure description. In consequence,
for the 15S-26R kinetic mechanism, DNS will be secured with the finer mesh resolution all
along the manuscript.

B.2 17S-53R-1.0

Cantera SiTCom-B (25 µm) SiTCom-B (50 µm) Units
So

L 39.46 39.06 38.72 cm.s−1

T o
F 2231 2231 2231 K
δo

F 437 439 446 µm

Table B.2: Adiabatic flame speed, temperature and thickness obtained with different codes and
mesh refinement. 17S-53R-1.0 scheme.

The previous analysis is repeated here, for the 17S-53R-1.0 kinetic mechanism. Compar-
isons of mass fractions and species source terms profiles are provided in figures B.3 (50 µm)
and B.4 (25 µm). Compared to the coarser, the 25 µm mesh resolution is again shown to improve
the results, especially on the estimation of the species source terms peaks. Flame characteristics
obtained from each solution are displayed in table B.2. Both the prediction of flame speed and
the flame thickness are improved by the refinement. Accuracy on the flame speed passes from
1.9 % to 1 %, and on the flame thickness from 2.1 % to 0.5 %. In the light of the precision and
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the time of return expected from the simulations, the mesh refinement 25 µm is selected for use
in the whole manuscript.
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Figure B.3: Comparison of the mass fraction and species source term profiles, across an adi-
abatic stoichiometric methane/air flame, computed with different codes and mesh resolutions.
Lines: Cantera (reference). Symbols : SiTCom-B (50 µm). 17S-53R scheme.
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Figure B.4: Comparison of the mass fraction and species source term profiles, across an adi-
abatic stoichiometric methane/air flame, computed with different codes and mesh resolutions.
Lines: Cantera (reference). Symbols : SiTCom-B (25 µm). 17S-53R scheme.
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B.3 GRI-1.2

Concerning the detailed mechanism, convergence of 1D flames could not be achieved with the
mesh resolutions of 50 and 25 µm. Indeed, when kinetic mechanisms rely on the description
of numerous intermediate species, to coarse meshes can impair the convergence of solutions.
This is directly due to an insufficient precision in the capture of these species evolution across
the flame. To yield stable results, a finer resolution of 12.5 µm was found necessary. This
resolution exhibits a loyal description of the flame structure, see figure B.5. The mass frac-
tions profiles are almost perfectly seized, also when looking at intermediate species present
over quite thin reaction layers such as HCCO (figure B.5(e)), CH2OH (figure B.5(i)) or C2H
(figure B.5(k)). This quality of the mass fraction profiles description directly relates to the ex-
cellent resolution of the species source term profiles, from main (figure B.5(b)) to intermediate
species (figures B.5(d), B.5(f), B.5(h), B.5(j) and B.5(l)), with this refinement. Table B.3 shows
that the flame characteristics are also excellently replicated with this mesh resolution. Errors
to the reference Cantera simulation are 0.3 % for the flame velocity, minus than 1 ‰ for the
flame temperature and 0.2 % for the flame thickness. To secure the DNS and provide a reli-
able reference simulation, the mesh resolution of 12.5 µm is conserved for the detailed GRI-1.2
mechanism.

Cantera SiTCom-B (12.5 µm) Units
So

L 39.02 38.91 cm.s−1

T o
F 2231 2231 K
δo

F 426 427 µm

Table B.3: Adiabatic flame speed, temperature and thickness obtained with different codes and
mesh refinement. GRI-1.2 scheme.
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Figure B.5: Comparison of the mass fraction and species source term profiles, across an adi-
abatic stoichiometric methane/air flame, computed with different codes and mesh resolutions.
Lines: Cantera (reference). Symbols : SiTCom-B (12.5 µm). GRI-1.2 scheme. To yield com-
prehensive results, subfigures (a), (c) and (g) display only one point over two for the SiTCom-B
solution.





Appendix C

Equivalence ratio influence on the flame
topology

This appendix gathers the reaction zone topologies, of flames stabilised and fully thermally
coupled with the walls of the 5 mm high 2D channel, obtained for the equivalence ratios φ =

1.0, φ = 0.8 and φ = 0.7. First, the results without accounting for gravity are given. Then the
gravity field is added to the simulations to yield the flame topologies discussed in chapter 6.

C.1 Under microgravity

In the absence of gravity field, it is verified in chapter 3 (figure 3.6) that the assumption of
symmetry with respect to the channel middle plan is valid. Under stoichiometric conditions
(figure C.1, φ = 1.0), chapter 4 exposes that the tulip flame shape relates to the heat retro-
cession from the burnt to the fresh gases, via conduction in the channel walls. In the same
chapter, cold wall (T = 300 K) simulations exhibit mushroom flame shapes.

φ = 1.0

52.79

φ = 0.8

25.88

φ = 0.7

18.62

Figure C.1: Heat release rate distribution. Flame topology comparison between the various
equivalence ratio employed along the manuscript, under microgravity. The corresponding flame
velocity is given in black (cm.s−1).
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With the decrease of the equivalence ratio from 1.0 to 0.8 and 0.7 (figure C.1), the cooler
burnt gases result in a weaker heat retrocession via the channel walls. Accordingly, the flame
takes a less pronounced tulip shape for φ = 0.8 and recovers a slight mushroom shape further
at φ = 0.7.

C.2 Under the gravitational field of the earth

Chapter 6 reveals that flames submitted to a gravity field lose their symmetric topology. In this
case, slanted flames anchored at the upper walls are found, experimentally and numerically, to
be the stable manifestation of combustion. When considering flames/wall thermal coupling at
φ = 0.8, the strong flame inclination is exposed to be due to the heat retro-cession and the
incoming flow deviation. Indeed, the flow deviation results in a difference in residency time at
the top and the bottom walls vicinity, where the fresh gases are preheated by the walls.

Still, when varying the equivalence ratio, the inclination of these slanted flames changes.
Figure C.2 shows that the inclination diminishes when lowering the equivalence ratio. When
operating with a leaner mixture, the diminution of the flame inclination results from the reduc-
tion of both preheating and flow deviation. Indeed, cooler burnt gases result into cooler walls
and less heat retro-cession effect. It leads then to a weaker difference in the preheating of the
fresh gases, between the top and the bottom channel walls. Further, with the lower mass flow
rate stabilising the leaner flame, the variations of stream-wise flow velocities due to the flow
deviation are reduced, ahead of the flame.

φ = 0.8

27.09

φ = 0.7

18.76

Figure C.2: Heat release rate distribution. Flame topology comparison, with a gravity field. The
corresponding flame velocity is given in black (cm.s−1).
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[46] M. U. Göktolga, J. A. van Oijen, and L. P. H. de Goey. 3D DNS of MILD combus-
tion: a detailed analysis of heat loss effects, preferential diffusion, and flame formation
mechanisms. Fuel, 159:784–795, 2015.

[47] M. Gonzalez, R. Borghi, and A. Saouab. Interaction of a flame front with its self-
generated flow in an enclosure: The ”tulip flame” phenomenon. Combustion and Flame,
88(2):201–220, 1992.

[48] D. Goodwin. Cantera: An object-oriented software toolkit for chemical kinetics, ther-
modynamics, and transport processes. http://code.google.com/p/cantera, 2009.

[49] D. G. Goodwin. An open-source, extensible software suite for CVD process simulation.
Chemical vapor deposition XVI and EUROCVD, 14(40):2003–08, 2003.



BIBLIOGRAPHY 173

[50] R. L. Gordon, A. R. Masri, S. B. Pope, and G. M. Goldin. Transport budgets in turbu-
lent lifted flames of methane autoigniting in a vitiated co-flow. Combustion and Flame,
151(3):495–511, 2007.

[51] J. Guidez, F. X. Nicoul, P. Josso, and R. Valle. Development of a micro gas turbine
engine at Onera. In XIX International Symposium on Air Breathing Engines (ISABE
2009), Montreal, Canada, September, pages 7–11, 2009.

[52] C. Hasse, M. Bollig, N. Peters, and H. A. Dwyer. Quenching of laminar iso-octane flames
at cold walls. Combustion and Flame, 122(1-2):117–129, 2000.

[53] V. Hiremath, Z. Ren, and S. B. Pope. Combined dimension reduction and tabulation strat-
egy using ISAT–RCCE–GALI for the efficient implementation of combustion chemistry.
Combustion and Flame, 158(11):2113–2127, 2011.

[54] D. L. Hitt, C. M. Zakrzwski, and M. A. Thomas. MEMS-based satellite micropropul-
sion via catalyzed hydrogen peroxide decomposition. Smart Materials and Structures,
10(6):1163, 2001.

[55] K. Isomura, S. Tanaka, S. Togo, and M. Esashi. Development of high-speed micro-gas
bearings for three-dimensional micro-turbo machines. Journal of Micromechanics and
Microengineering, 15(9):S222, 2005.

[56] T. Iwaya, S. Akao, T. Sakamoto, T. Tsuji, N. Nakaso, and K. Yamanaka. Develop-
ment of high precision metal micro-electro-mechanical-systems column for portable
surface acoustic wave gas chromatograph. Japanese Journal of Applied Physics,
51(7S):07GC24, 2012.

[57] A. Jameson, W. Schmidt, and E. Turkel. Numerical solution of the euler equations by fi-
nite volume methods using runge kutta time stepping schemes. In 14th Fluid and Plasma
Dynamics Conference, page 1259, 1981.

[58] N. Jaouen, L. Vervisch, P. Domingo, and G. Ribert. Automatic reduction and optimisa-
tion of chemistry for turbulent combustion modelling: Impact of the canonical problem.
Combustion and Flame, 175:60–79, 2017.

[59] J. Jarosinski. A survey of recent studies on flame extinction. Progress in Energy and
Combustion Science, 12(2):81–116, 1986.
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