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Abstract

In this thesis, thermal-diffusive instabilities are sedliexperimentally in diffusion
flames. The novel species injector of a recently developsehreh burner, consisting
of an array of hypodermic needles, which allows to produ@sgone-dimensional un-
strained diffusion flames has been improved. It is used imasyenmetric design with
fuelandoxidizer injected through needle arrays which allows tejpehdently choose
both the magnitude and direction of the bulk flow through tlaeng. A simplified
theoretical model for the flame position, the temperatucetha species concentration
profiles with variable bulk flow is presented which accountglie transport properties
of both reactants. The model results are compared to expetimith aCO,-diluted
H,-0-, flame using variable bulk flow and inert mixture composition.

The mixture composition throughout the burning chamber amitored by mass
spectrometry. An elaborate calibration procedure has imeglemented to account for
the variation of the mass spectrometer sensitivity as aimof the mixture composi-
tion. The calibrated results allow tledfectivemixture strength of the diffusion flames
to be measured with a relative uncertainty of about 5 %.

In order to properly characterize the flame produced, thecityland temperature
distribution inside the burning chamber are measured. €kelting species concen-
tration and temperature profiles are compared to the simglifieory and demonstrate
that the new burner configuration produces a good approiamaf the 1-D cham-
bered diffusion flame, which has been used extensively ferstability analysis of
diffusion flames. The velocity profiles are also used to gbattie residual stretch
experienced by the flame which is extremely low, belbws s™*. Hence, this new re-
search burner opens up new possibilities for the experiahgatidation of theoretical
models developed in the idealized unstrained 1-D chamlilzne@ configuration.

The thermal-diffusive instabilities observed close tamtion are investigated ex-
perimentally and mapped as a function of the Lewis numbetiseofeactants. The use
of a mixture of two inerts (helium and CQallows for the effect of a wide range of
Lewis numbers to be studied. A cellular flame structure i®oled in hydrogen flames
when the Lewis numbers is relatively low with a typical cétlesbetweerr and15 mm.
The cell size is found to scale linearly with the diffusiondgh, in good agreement with
theoretical predictions. When the Lewis number is incrddseusing a higher helium
content in the dilution mixture, the instabilities obsehage planar intensity pulsation.
The use of methane allowed pulsating flames to be generataddme range of bulk
velocities and transport properties. The pulsating fregies measured are in ther
to 11 Hz range and were found to scale linearly with a diffusiomérency defined as
U?/Dy;, multiplied by the square root of the Damkohler number. Txgegimental re-
sults presented here are the first observations of theriffiasigle instabilities in such
a low-strain flame. They constitute a unique dataset thabeamsed to quantitatively
validate theoretical models on diffusion flame stabilityeleped in the simplified one-
dimensional configuration.

Keywords: Thermal-diffusive instability, unstrainedffdsion flame, experimental.






Réesunme

L'utilisation d’'un nouveau type the brOleur permet de priod des flammes de dif-

fusion uni-dimensionelles et sans étirement. La nouweagside dans la maniere
avec laquelle les espéces réactives sont introduites ledorlileur, au travers de cen-
taines d'aiguilles hypodermiques. Une évolution du desist introduite dans laquelle
I'arrangement symétrique du systeme d’injection peraretontréle indépendant sur
I'intensité et la direction de I'écoulement moyen danstiambre de combustion. Un
modele théorique simplifié tenant compte de I'écouletmeoyen variable est présenté
pour la position de flamme de méme que les profils de condamiret d’espece dans

le brlleur. Les prédictions de ce modeéle sont companggesultats expérimentaux
pour des flammes d’hydrogéne et d’oxygene dilués dans@u C

La composition du mélange de gaz présent dans la chambcerdbustion est
mesuré a l'aide d’un systeme de spectrométrie de massetechnique de calibration
sophistiquée a du étre mise au point pour compenser legehaent de la sensibilité
de l'instrument intervenant en fonction de la compositienrdélange mesuré. La
flamme produite a aussi été charactérisée par la messrdistributions de vitesse et
de température dans le brleur. Les profils de conceoitrati de température ainsi
obtenus ont été comparés avec succes a la théoridifémp Ceci demontre que la
flamme produite est une bonne approximation de la configurathi-dimensionelle
simplifiee, qui est utilisee abondement dans le dévetmygmde modeles théoriques sur
la stabilité des flammes de diffusion. Les profils de vitgssenettent également une
évaluation de I'eétirement résiduel subi par la flamme,egt inférieur a0.15 s*. Ce
nouveau type de brlleur de recherche ouvre de nombreussibitites de recherches,
en particulier pour la validation expérimentale de medé&héoriques sur la stabilité
des flammes de diffusion, dévelopés en supposant une @bsétirement dans la
configuration uni-dimensionelle simlifiee.

Les instabilités thermo-diffusives formées a I'apgrede I'extinction ont été ob-
servées et cartographiées en fonction des nombres des ldasi especes utilisées.
L'utilisation d’'un mélange de deux gaz inertes (héliunC&,) pour la dilution des
espéeces réactives a permis le balayage d’'une large plagerdbres de Lewis. Une
structure de flamme cellulaire est observée pour les n@sried_ewis relativement
faibles, avec une taille de cellules comprise eftet 15 mm, évoluant linéairement
avec la longueur characteristique de diffusion, confon@iét aux prédictions théoriques.
Quand le nombre de Lewis est augmenté en utilisant une pdunslg proportion d’héli-
um dans le mélange de dilution, les instabilités obseswdeviennent des oscillations
plannes de l'intensité de la réaction. L'utilisation d@tfmane comme combustible a
permis la production de flammes oscillantes sur une larggepla vitesse d’advection
et de propriété de transport du mélange. Les frequetheqmilsation observées sont
incluses dans I'intervalle d&7 a11 Hz, et évoluent en fonction d’'une frequence de dif-
fusion définie commé&?/D,;, multipliée par la racine carrée du nombre de Damkohler.
Les résultats expérimentaux d’instabilité thermdtdiives présentés ici sont les pre-
miers réalisés dans une telle flamme pratiquement dépeuwt’étirement. lls con-
stituent une base de données unique permettant les peswalidations quantitatives
des modeles sur la stabilité des flammes de diffusionisé&saldans la configuration
uni-dimensionnelle simplifiée.

Mots-clés: Instabilités thermo-diffusives, flamme dffudion, étirement, étude exper-
imentale.
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Chapter 1

Introduction

The thesis presented here covers the subject of thernfakigié (TD) instabilities in
diffusion flames. The understanding of this phenomena igeditgnterest in modern
combustion systems who tend to be operated with lean mitareontrol emissions,
making them prone for the development of these instalsliti€he experimental in-
vestigations were carried out in a novel research burnérallawvs the creation of a
nearly-unstrained one-dimensional diffusion flame. Inaheence of strain and other
hydrodynamic effects, the results gathered can be compamatitatively with simpli-
fied theoretical models, providing the experimental vdlatathey lacked so far.

1.1 Chemically reacting flows

Combustion processes have played a central role througliowdn history, often pro-
viding the energy driving the paradigm shifts that shapedoourent societies. The
discovery and control of fire over a million years ago [1] e¢dnited to the emergence
of our species and is used as a criterion to identify our aocesT he ability to generate
artificial fire arrived much later towards the end of the midBhleolithic area with the
Neanderthal man striking flint against pyrite [2]. The firisilzations of Mesopotamia
used combustion extensively for smelting copper, spartiegoronze age and count-
less technological advances brought by hard metal. In teel® century, the use of
fossil fuels in the industrial revolution brought us where are today: in a society de-
pendent upon combustion for most of its energy supply blliestbng way from fully
understanding the intricacies of the combustion proceiss.clirrent recently acquired
awareness of the consequences of the widespread use ofidesssuch as the gener-
ation of various air pollutants [3] and the rise in atmosph€0O, concentration [4, 5]
infuses a renewed purpose to the field of combustion research

Combustion refers to an exothermic reaction between a futkha oxidizing agent
usually mediated through a series of radical chain reastiorhe detailed study of
chemically reacting systems invariably brings the questibhow are the reactants
broughtto the reaction site and how are the products eveduAs a result, combustion
problems are tightly coupled with associated fluid dynarpicblems. The governing
equations of chemically reacting flows are therefore theagqus of fluid motion sup-
plemented by the equations governing the chemical prodéssinteractions of these
chemical and transport processes can lead to instabiltgta characterized by the un-
bounded growth of a small perturbation. In combustion systthe growth is limited

1



2 CHAPTER 1. INTRODUCTION

by the geometry of the burning chamber resulting in pattermétion in the flame,
periodic load variations or extinction, compromising penfiiance and reliability.

In most practical applications the combustion is turbubamd partially premixed,
making its analysis particularly complicated. In this ation, the transport of species
is done by advection and diffusion. However, the chemistrysually fast compared
to transport precesses, resulting in thin reaction zon#sstéep concentration gradi-
ents where diffusion is the locally dominant transport pimaana. In both premixed
and non-premixed combustion, the competing mechanismsfagidn and reaction
can be a source of instability. The former distributes hedtspecies from regions of
abundance to regions of relative scarcity, while the lattguires heat to act as a sink
for reactants and a source for products. These thermaisili# (TD) instabilities can
result in the formation of cellular patterns in the flame frima uneven spatial distri-
bution reaction rate magnitude. The phenomenon has beemalisin both premixed
and non-premixed configuration. Pulsation in flame intgresid other phenomena can
also result from this thermal-diffusive instability.

In order to reduce emissions, the trend in many modern cotiobuapplications
is to operate the combustors in a lean mixture, making theme sasceptible to the
development of thermal-diffusive instabilities. Thesstabilities playing a key role in
soot formation [6, 7] and in the dynamic extinction and re#ign process, fundamen-
tal knowledge of their behavior is desirable.

1.2 Reaction-diffusion and thermal-diffusion
instabilities

The thermal-diffusive instability is part of the larger fayrof reaction-diffusion (RD)
instabilities. They can occur wherever the differentiahsport of reactants and prod-
ucts to a reaction site is dominated by diffusion. Alan Tgrim his landmark paper
on morphogenesis [8] postulated this mechanism to be atrthim @f pattern forma-
tion in the natural world, from leaf arrangement on a stemrigdiprints. Although
the underlying mechanisms are differentin the Turing iniditg in morphogenesis and
in the thermal-diffusive instabilities in combustion,engésting parallels can be drawn
between the two.

Three conditions must be met for the RD or TD instabilitieslévelop, as illus-
trated in figure 1.1. First, in both cases a product of theti@aenust be a catalyst for
that same reaction, making it auto-catalytic. In the casaafphogenesis, this product
is an biological activator that was only postulated to ekisiTuring, but whose exis-
tence has been demonstrated since [9, 10]. Specific acfivdtibitor pairs have been
linked to the formation of hair [11], feathers [12] and teEtB]. For combustion, heat
as a reacting agent induces a positive feedback throughtitsmaon the reaction rate.
Secondly, another product of the reaction must have thesifgpeffect of slowing the
rate of the reaction upon its release. In combustion syst#raselease of combustion
products has this effect by reducing the available conagotr of reactants in the re-
action area. For biological systems, Turing again postdi#ite existence of reaction
inhibitors that were later identified. Finally, for patteiormation to occur, the diffu-
sion coefficient of the activator must be significantly higtieat that of the inhibitor
[8, 14, 15]. This favors sites where the reaction is alreathyuaring to remain active
while preventing propagation and merging of different\aesites. The resulting re-
gions of relatively high reaction rate will become the petafthe flower, the ridge of
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your fingerprints or the cells of the cellular flame.

a)

Short-range Long-range

action

Figure 1.1: (a) The origin of the reaction-diffusion ingtapleading to pattern forma-
tion, a autocatalysed reaction where a product is also dhiiohthat diffuses faster
than the catalyst. (b) Differential diffusion of the agergsults in pattern formation
in the intensity of the reaction and hence in the distributdé the products. Here a
simulation of the labyrinthine pattern in the cerebral errtaken from [16].

Since the innovative work of Turing, pattern formation iacéve-diffusive systems
has been studied extensively. Numerical studies havegiegta certain number of
pattern that should occur under specific conditions [17, E&perimentalists observed
some of these patterns in specially designed gel-filledtoeswwvith peculiar chemical
reactions systems displaying the characteristics nege&sathe development of the
Turing instability. Experimental observations includ¢ating spirals [19], stationary
strips or cells and self replicating cells [20]. Examplepatterns predicted analytically
or numerically and observed experimentally are presemtédure 1.2.

The reaction-diffusive and thermal-diffusive systemdgetibecause the effect of
heat on the combustion reaction rate is of much higher nweafiorder that the one of
any activator on a bio-chemical reaction. In chemical systgeaction occur when two
reactive molecules collide with a sufficient amount of egefgjcalled the activation
energy. Arrhenius [23] was the first to recognize fact antbohiced relation 1.1 that
now beards his name to account for the temperature variafithe chemical reaction
rate.

In this equationw is the reaction rated is the pre-exponential factor (also called
the frequency factor)R is the perfect gas constant afidthe temperature. The pre-
exponential factor exhibits a weak temperature dependamtéhe Arrhenius equation
can be modified to equation 1.2, whéfigis a reference temperature and unitless
power. The expression ekp/RT") is the Boltzmann factor, representing the fraction
of all collisions that have at least an energyraf

S
I

A exp(-E/RT) (1.1)

A’ (Tzo)n exp(-E/RT) (1.2)

S
I
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Figure 1.2: Examples of reaction-diffusion patterns. Rotpspiral in the concentra-
tion distribution, analytical solution (a) from [21], exfimental observation (b) from
[19]. Lamellar pattern, numerical simulation (c) from [18}d experimental observa-
tion (d) from [20]. Self-replicating spot pattern, numealisimulation (e) from [22]
and experimental observation (f) from [20].

On the other hand, in bio-chemical systems pattern formasocaused by the
marginal reaction rate that is the change in reaction rate is mainly caused by the
change in the reactant concentration [8, 24] through thiersebf the activator and
inhibitor. This change is therefore affecting the pre-exgrtial factorA of equation
1.1 which is a measure of the collision frequency betweemehetive species. Turing
[8] assumed that the reaction rate was a linear functionefeactants concentrations,
following the law of mass action, an hypothesis justifialdedystems just beginning
to leave a homogeneous condition. The temperature and rwatien dependence of
the pre-exponential factor of equation 1.1 is detailed imagigpn 1.3.

(1.3)

8kpT 1
Th

A=A [BYoas [

The symbols in bracketd],[ B] represents the concentrations of specleand
B while o4 is their hard-sphere collision cross-sectiég, the Boltzmann constant
and p. the reduced massi{ymp/(ma + mp)) with m4 g the mass of the reactive
species. The exponentsind; are the orders of the reaction with respectitand B
respectively.

Additionally, most potential activator-inhibitor comlaitions have similar diffusiv-
ities in agueous solutions, with nearly all simple moleswdad ions having a diffusion
coefficient within a factoR of 1.5 x 10~ cm?-s™*. Although this condition is not abso-
lute [25], it helps explains why experimental evidence ofifig instabilities was only
gathered relatively recently [14, 15] and first in chemigestem rather than biological
ones.
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1.2.1 The study of thermal-diffusive (TD) instabilities

Thermal diffusive instabilities are known to occur in botlemixed and non premixed
combustion, for reviews see [26, 27, 28, 29]. The focus ofpfesent research lies
in the experimental investigation of thermal-diffusivetabilities of non-premixed or
diffusion flames. In this configuration, the reactants amp$ad separately to the re-
action area and combustion occurs where they meet in stoigric proportions. The
choice of using diffusion flames to study these instabdiie justified by the limita-
tions inherent to the premixed configuration. However, aerably more attention
has been directed towards the thermal-diffusive instasliof premixed than non-
premixed flames. In premixed combustion, the reaction iatkxt in a flame front
that travels with a characteristic velocity in the combuistimixture.

Because of the practical importance of this flame speed, itesfiperimentations
on flat flames were aimed at determining the characteristicitg of the propagation
of a flame front in a combustible mixture. The pioneering wofkMallard and Le
Chatelier [30] on a simple laminar flame front traveling irube revealed the thermal
nature of the mechanism responsible for flame propagationafk interesting histor-
ical perspective with illustration of the apparatus use, the review of Oppenheim
[31]. It was not until much later than Darrieus [32] and Landa3] independently
demonstrated that such planar deflagration fronts areenligrunstable. Itis the much
stronger coupling between the reaction and diffusion Eseg [26, 28] in this config-
uration that gives rise to aerodynamic instabilities rexsglfrom thermal expansion.
This Darrieus-Landau instability makes flat flame frontsginestablished in a cham-
bered flow of combustible mixture (figure 1.3(a)) unpradtfoa experiments aimed
at investigating flame dynamics because of the strong cogfpletween this impor-
tant hydrodynamic effect and the combustion process. Exgetal results of a planar
flame front deformed by the Darrieus-Landau instabilityrisgented in [34]. A proce-
dure allowing the creation of unstrained planar premixendds.is described by Searby
[35]. It involves keeping the bulk velocity in the chamberfigiure 1.3(a) at a critical
velocity different that the laminar flame speed to avoid tlaerl@us-Landau instability.
More commonly, to study thermal-diffusive instabilities premixed flames without
these complications, the hydrodynamic instability is UWlgustabilized either through
heat loss of hydrodynamic strain.

A premixed flat flames can be generated by supplying a contibeistixture through
a porous injection plate because of the stabilizing effétteat loss at the plate [36],
see sketch in figure 1.3(b). However, this approach indunesitant perturbation of
the flame front because of the heat loss and possible upstigsion of radicals
towards the cold injection plate, where they are neutrdltbeough wall collisions.
Another approach consists at opposing free jets of the cetifthel mixture, resulting
in the formation of two planar flames on either sides of thgrsttion plane formed
by the jets impinging one another, see [37] for pictures agaré 1.3(c) for a concep-
tual sketch. The radial expulsion of combustion productsias a velocity gradient,
stretching and stabilizing the flame. This stretch has bhewss to also have a strong
effect on thermal-diffusive instabilities [29] and extiion [37], making this config-
uration of limited use to study these phenomena. Finallheéf combustible mixture
is injected through a porous cylinder, the flow rate can besidf so that the diverg-
ing flow field stabilizes the flame [38], as shown in figure 1)3¢dowever, buoyancy
forces tend to break symmetry through the Rayleigh-Taylstability [39] if the ex-
periment is not carried out in microgravity.

One dimensional flame generated using the burner configusatnentioned in this
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Figure 1.3: Premixed burner configurations. (a) Chamberethixed flame. Com-

bustible mixture supplied from bottom at uniform velocitycorresponding to flame
speed, resulting in static flame front. Unconditionallytaiée to Darrieus-Landau in-
stability. (b) Flat flame stabilized through heat loss at &ewaooled porous plate (1)
used to supply the mixture. c) Opposed jets, with flame fognain either side of the

stagnation plane (2), stabilized by hydrodynamic streithFlame around a porous
cylinder, stabilized by diverging flow field, requires migravity.

section and some other type of burners such as the Bunsdnhave been used to
study thermal-diffusive instabilities in premixed systkemHowever, the thermal or
hydrodynamic perturbations induced by the burner previdmgsnvestigation of the
TD instabilities uncoupled from other phenomenon in thesenixed flame.

1.2.2 The study of thermal-diffusive instabilities in diffusion flames

The strong coupling between the reaction and diffusion gsses at the origin of the
hydrodynamic instability in premixed flames is much less afoacern in the non-
premixed configuration. The stabilization mechanism usedremixed combustion
experiments invariably have an effect on the observed thkdiffusive instabilities. To
gain fundamental knowledge on the phenomenon, theoneti@ad experimentalists
seek to avoid these hydrodynamic effects to develop andatalitheir models. From
this theoretical perspective, diffusion flames are an etftra analytical tool even if at
first they seem far from actual combustion applications.

Although in most practical applications the combustiomrbtilent and at least par-
tially premixed, knowledge gained in diffusion flames calpmeodel premixed flames.
In the context of the turbulent flamelet model [40], wheremlstry is considered fast
compared to the transport process, the reaction occurg/ingstically thin layers.
These flamelets are embedded in the turbulent flow field witheeddmensional in-
ner structure. As long as the thickness of the flamelet is pgytsally thin, it can be
shown that the advection is a lower order term that the chaipieacting part, making
diffusion processes dominate the flamelet dynamics. To fgaidamental knowledge
of the combustion process, one-dimensional flames configneaare therefore very
attractive because of their use as a validation tool forrigtazal models.
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Several configurations are available to generate diffu@nes for research pur-
poses. As with premixed flames, the challenge resides inikgépe transport process
simple (ideally it should be strictly one-dimensional) ancavoiding thermal or hy-
drodynamic perturbations, such as strain. A very simple-dineensional diffusion
flame configuration was introduced as theoretical consfaratesearch purposes by
Kirkby and Schmitz [41]. The combustion chamber is a straijct open at one
end to a fast stream of oxidant and supplied at the other wigh through a semi-
permeable membrane. A sketch is provided in figure 1.4(al)tré&hsport processes
are one-dimensional with the oxidant counter-diffusingiagt the flow of products to
the planar reaction sheet. In such a simple configuratioalytoal solutions can be
found for the governing equations and numerous stabilitdef®have been developed
using this system [42, 43, 44, 45, 46, 47]. These models gradilanar stable flame
sheet when far from extinction. Unfortunately, this buriseimpossible to realize in
practice because of the perturbations induced by the fesdrstrequired to remove
the products and supply the oxidant above the chamber. fdner¢hese theoretical
models remain without quantitative experimental valioiati

The opposed jet flame presented in figure 1.4(b) has been ymteely to gen-
erate flat diffusion flames. The strain induced in the flaméastoducts are forced
radially makes this configuration useful for the investigias on the effects of strain on
the chemistry [48, 49], extinction limits [50] and stahjlif diffusion flame [51]. The
unavoidable nature of this strain, its high magnitude asdtiabilizing effect implies
that this configuration is of limited use to study thermdfidiive instabilities.

Low strain diffusion flame have been generated close to thedia stagnation
point of porous cylinders and hemispherical caps [52],dit@ée with fuel and placed
in a slow stream of oxidant. A sketch is presented in figure)l.for a review of
various counterflow diffusion flame configurations see [38ith great care, the strain
rate can be kept as low dst s™! [52] by using a large radius porous injector. Using
this type of burner, thermal-diffusive instabilities wereserved close to the extinction
limit showing qualitative agreement with numerical modgd]. The influence of
hydrodynamics is still important in this burner and pregethie formation of durable
instability patterns, making comparison with theoreticadels difficult.

A novel research burner configuration was recently intredi /65, 56] that allows
the creation of flat one-dimensional nearly-unstrainefligion flames. In this thesis,
the original experiment is improved and a new symmetricedioa is built. A sketch
of the original configuration is presented in figure 1.4d)désigning this burner, great
care was taken to reduce to a minimum all causes of flameIstraécodynamic strain-
ing, flame curvature and flame/flow unsteadiness [57]. Theltieg flame is ideally
well suited to study thermal-diffusive instabilities ungded from parasitic effects.
The results gathered during this thesis and presented hikgdlow the first quantita-
tive experimental validation of the theoretical modelseleped in the simplified one-
dimensional counter-diffusing configuration of figure B)(Such comparison enables
the identification of the critical simplifying assumptiomsade during the theoretical
developments and their influence on the models precision.

1.3 Objectives and scope of the thesis

The main objective of this thesis is to further develop anarahbterize the novel quasi-
unstrained one-dimensional counter-diffusion researchdy recently introduced by
the Laboratory of Fluid Mechanics at the Swiss Federaltutstiof Technology Lau-
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Figure 1.4: Non-premixed burner configurations. (a) Ideali unstrained one-
dimensional chambered flame model. (b) Opposed jet codliffesion configuration.
(c) Low-strain hemispherical cap burner. (d) Novel quassttained counter diffusion
burner, the design used and improved in this thesis.

sanne (EPFL-LMF) [55, 56]. Improvements are implement an eRisting version
(Mark 1) and a new version is designed and constructed (M@rklhe new version
features a symmetric design that allows control over bulk fltagnitude and direction
across the flame sheet. These unique experimental fax#iteeused to quantitatively
validate theoretical models of diffusion flame stabilitwd®ped in the idealized one-
dimensional configuration of figure 1.4a).

The comparison between experiment and theoretical mo@elsssitates the im-
plementation of specific measurement techniques. A negegseaiminary objective
of the present work is therefore to select and implement oreasent techniques suit-
able to gather data useful for the validation of theoretmablels. Mass spectrometry
is used in order to quantify the effective mixture compositsupplied to the burner
and the species concentration profiles across the burnangloér.

The scope of the work presented here is the experimentadtige¢ion thermal-
diffusive instabilities of unstrained diffusion flames.eéltinique experimental facilities
developed during this thesis offer vast possibilities fagioal research in the field of
combustion. The present investigation will be limited tertihal-diffusive instabilities
resulting in the formation of a cellular flame pattern or iarmr intensity pulsations.

1.4 Contributions

Novel research burner configuration, description and charateriza-
tion

Chapters 4 and 6: the recently introduced unstrained codiftasion burner has been
improved and measurements have been carried out to veaifyt ik indeed a good ap-
proximation of the idealized one-dimensional flame configjon. The working prin-

ciples of the burner are described and the flame produceddiesized as a function
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of the operating parameters.

Work partially published in U.S. Combustion meeting, 200d International Sym-
posium on Combustion 2008. Accepted for publication in Bealings of the Combus-
tion Institute, vol. 32, 2009. Detailed configuration dgstion and characterization to
be submitted to Combustion and Flame.

Mass spectrometer calibration procedure over a wide concedration
range

Chapter 5: through the use of a semi-automated gas mixturerger and the devel-
opment of a novel calibration procedure, an inexpensivesrapsctrometer has been
calibrated to drastically improve its accuracy for the ditative measurement of com-
plex mixture composition over a wide concentration range.

Work to be submitted to Measurement Science and Technology.

Mapping of Lewis number parameter space and scaling of the ista-
bilities
Chapter 7: the use of a two-inert dilution mixture allows thapping of extended
regions of the Lewis number parameter space for instaslitvhile keeping mixture
strength roughly constant. Using the same oxidant and fileked the generation
of the first experimental stability map of a diffusion flametliire absence of any hy-
drodynamic effects. The experimental measurements daotiein both cellular and
pulsating flames describe the scaling of the instabilitypprties as a function of the
physical parameters of the flame.

Work to be submitted to Combustion and Flame.

1.5 Thesis Outline

» Chapter 2 reviews the literature on theoretical, expentaeand numerical in-
vestigations of the instabilities of unstrained diffusitames. The focus is on
providing the state of the art rather than giving technieghds on the various
approaches used.

» Chapter 3 deals with theoretical considerations relet@mihe present investi-
gation. The simplified one-dimensional counter-diffusitaame construct used
to develop theoretical models is presented. Since thisstlieprincipally ex-
perimental in nature, the theoretical developments ptedenill be limited to
the minimum necessary to properly compare the models wileperimental
results.

e Chapter 4 presents the experimental facilities used. MpFavements imple-
mented on the Mark | burner are presented. Design choices fathe Mark
Il version are explained and the construction process isritesl. The equip-
ments used for mixture preparation, velocity and tempeeatneasurement are
described.

» Chapter 5 covers the extensive developments that were foattee calibration
of the mass spectrometer used. A novel calibration proeesuntroduced to
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account for the intrinsic non-linearities of this type o$rument over the wide
mixture concentration ranges encountered in this expeime

Chapter 6 covers the measurements that were made to adraradhis new
burner configuration and verify that it is indeed a good agjpnation of the
idealized one-dimensional configuration.

Chapter 7 presents the measurements that were made oretheathdiffusive

instabilities. The influence of the Lewis number is studigdibuting the reac-
tants in a two-inerts mixture. A mapping of instabilitiesdagxtinction limits in

the Lewis number parameter space is shown. Finally, thesizelland pulsation
frequency scaling in unstable flames is treated, as a funofikboth the Lewis
numbers and bulk velocity.

Chapter 8 provides conclusions and future research petigge opened by the
novel experimental facility presented here.



Chapter 2

State of the art

The subject of instability in combustion has generated aerskve and diversified
literature. The current presentation will be limited to gubject of thermal-diffusive
instabilities, with a clear emphasis on the non-premixadigarations. The interested
readers are directed to the broader reviews of the field gs8insky [26], Buckmaster
[27], Clavin [28] and Matalon [29]. As the review articlesegented above clearly
show, research in the field of combustion instabilities hasi$ed until recently on
premixed rather than diffusion flames.

This imbalance between the premixed and non-premixed amatign probably re-
sides not it lack of interest but rather in the difficulty tosebve thermal-diffusive insta-
bilities in simple diffusion flames suitable for analyti¢edatments. Cellular structures
in premixed flames have been noticed a long time ago on Bunsgeets [58, 59] and
later recognized as part of the greater family of thermdlidife-instabilities [60, 61].
The ability to generate flat premixed flames in the controdedditions of the lab-
oratory using a uniform flow kept equal to the laminar flameesbthen sparked the
intensive research using this configuration mentioneddmekiiew articles listed above.

The first experimental evidence of thermal-diffusive ibdities in a non-premixed
flame came much later, with the work of Garside & Jackson [6&]ce then, research
on the instabilities of diffusion flames has gained momentiiins is especially true
for in the past two decades, when the push to reduce emissieast that combustion
systems tend to be operated with partially premixed leartunés, making them more
prone to develop this type of instability. This chapter igidiéd as follows, first the
literature is review for theoretical investigations wik lpresented, followed by the
experimental and finally a glimpse at the numerical apprescised will be shown.

2.1 Theoretical studies

Before Garside & Jackson [62] made their first documente@misions of cellular
instabilities in diffusion flame, the non-premixed receiv@ome attention from theo-
reticians. The term diffusion flame was introduced by Burkd &chumann [63] in
their landmark paper of 1928 in which they studied the flanoes1éd between con-
centric and co-flowing streams of fuel and oxidant. At thestithhey did not report pre-
vious theoretical investigation on the properties and stafdiffusion flames. They
devised a simple theory, assuming constant velocity, editfalsion coefficients for
the two species and one-dimensional transport (radialifiey also did not treat the

11
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chemical kinetics part of the problem and collapsed theti@azone to an infinitely
thin surface. Bypassing the internal structure of the feaaone in the analysis greatly
simplified the problem. Using these assumption they acljewel agreement for flame
shape between their theory and experimental flames formed bgdrogen, city gas
or methane as the fuel and air as the oxidant.

Later, Zeldovich [64] performed a more complete investayabf the combustion
of initially unmixed gases in a similar configuration. He addhe assumption that
both reactants molecular diffusivities are equal to thertta diffusivity, resulting in
both Lewis numbers being equal 1o Using a burner configuration analogous to the
one of Burke and Schumann [63], he obtained theoreticalteefar the species and
temperature distribution at the flame, showing that theyewlee same as for a prepared
mixture in stoichiometric proportions. He also demonstilghat contrary to premixed
flames where the reaction rate is determined by the physieaial properties of
the reactants, in diffusion flames the reaction rate canrbieeld by the mixing rate
between the reactants.

To study the unperturbed diffusion phenomena controllivgdynamics of these
non-premixed flames, a one-dimensional theoretical cocisivas later introduced by
Spalding at al. [65, 66]. It is a variation of this configucatithat is created experi-
mentally in the novel burner developed for this thesis. Tretetical model Spalding
& Jain developed uses again the assumption of unity Lewisheus) referred to as
the normal diffusion assumptiofNDA), but considers temperature dependent trans-
port properties and finite rate chemical kinetics. The maximreaction rate was
determined and compared to an analogous premixed flame argktimction limits
were found. The authors concluded that the maximum reactte can probably
be predicted by the Zeldovich-Spalding theory but pointtbetlack of experimental
validation, especially regarding fuel leakage throughftame. This idealized one-
dimensional flame configuration has been used extensivetg shen to develop in-
creasingly complex theoretical models and will be describedetail in chapter 3.

The early models described previously used broad assungpéind were aimed
at predicting basic flame parameters such as shape, resatériemperature and ex-
tinction. Subsequent models either pursued broader go@esew in complexity, ac-
counting for more variables and relaxing some assumptionkbl{ & Schmitz [41]
were the first to tackle the task of studying theoreticallg gtability of the planar
diffusion flames formed in the idealized one-dimensionalfiquration. They consid-
ered the sensitivity of the model developed by Spalding & J&6] to infinitesimal
disturbances, using constant transport properties aodedl the Lewis number to be
different than unity. They found that the stability of theady burning state to small
perturbations must be analyzed and demonstrated a reductibe domain of possi-
ble burning mixture caused by instabilities. More pregisttley identified temperature
oscillations in mixtures with Lewis number above unity asosgible mechanism for
extinction. Kirkby & Schmitz [41] used numerical methods thhe model to obtain
these results. At the time, computing power was scarce apensive, limiting the
amount of parameters that could be investigated simulizgsigdviore modern numer-
ical approaches to thermal-diffusive instabilities in dmrstion will be presented in
section 2.3.

The introduction of activation energy asymptotic, notatilyough the work of
Linan [67, 68], yielded results covering the entire range ahkahler number, from
the Burke-Schumann limit of infinitely fast chemistry dowareixtinction. The Damkdohler
numberD,, is the ratio of the characteristic residence time to theadtaristic chem-
ical time and is used extensively to characterize the iitien§the chemical reaction
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in a burning flame. Such analyzes yield the precise locatidheoreaction zone that
can be treated as a thin reaction sheet. Plotting the maxifiaume temperature as a
function of the Damkdhler number yields the typical S-gthpesponse curve of the
flame. Traveling along the curve with increasibg, the flame condition jumps from a
frozen-flow ignition regime to a near-equilibrium diffusicontrolled regime where a
thin reaction zone sits between two regions of equilibrivmwflin between those two
extreme regimes, intermediate states with significantdgalof reactants through the
reaction zone exist in which instabilities can occur. Thskdage was demonstrated by
Linan to occur at lowD,, in non-premixed flames, where the mixing rate can exceed
the reaction rate, implying that one or both reactants cas ffaough the flame front
without reacting completely. Response curves and thes wilebe discussed further
in section 3.2.1.

The use of large activation energy asymptotic allowed mamgmeters to be con-
sidered simultaneously in theoretical models. One of tis¢ $inch theoretical investi-
gation to be applied to the idealized one-dimensional cardigon is that of Matalon
& Ludford [69] who obtained explicit response curves for thikole range ofD,.
Their asymptotic treatment of Kirkby and Schmitz’s probleraluded a wide range
of parameters that were initially overlooked because ohilnge computing power re-
quirements of the numerical method initially employed. Affidom the more complete
response curves, their main results included explicit fda® for the extinction and
ignition points.

At the time, the theoretical models on laminar diffusion fimmmentioned above
were considered to be more or less without practical apdica since in practice most
combustion occurs in turbulent flows with fuel and oxidareast partially premixed.
This view changed following the work of Peters [70] whichwgea turbulent diffusion
flame as an ensemble of laminar diffusion flamelets. In thispeetive, the counter-
flow laminar diffusion flame used in the theoretical studiesitioned above becomes
a representative configuration to investigate the behav@®laminar flamelets. These
flamelets are then used to model the partially premixed tarthcombustion regime
present in most practical applications. The flamelet modebants for the fact that
in partially premixed turbulent flames, the local diffusitme scales can vary con-
siderably, locally lowering),, and breaking the fast chemistry assumption, leading to
non-equilibrium effects such as increased pollutants ot faymation.

Since then, numerous research groups have investigatexatbiéity of diffusion
flames using the planar flame produced in the simplified oneedsional configura-
tion as the base state. Among the most notable and activeane¢sose of Matalon
[44, 71], Kim [42, 72] and Miklavcic [73, 74]. Each group usadslightly different
theoretical burner configuration, set of boundary condgjsimplifying assumptions
and mathematical treatment, yielding different resultse Trux of their approaches in-
volves taking the Zeldovich number (the ratio of the activation energy to the thermal
energy, also called the activation-energy parameter) agge perturbation parameter
to perform activation-energy asymptotics. The detailatiity model formulation be-
ing outside of the scope of this work, the interested readeferred to the above listed
papers themselves for further details. Our work will be canep primarily to the mod-
els developed by Matalon et al. [44, 71] because they inafféet of a relatively large
number of control parameters on the stability of an unséi@ih-D diffusion flame with
finite rate chemistry. For example, they allow for both Lewisnbers to be different
than one as well as unequal while the other models assumélezwia Numbers or a
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singleeffectivé Lewis number.

Their results will be used extensively in this thesis whighsato provide the first
experimental results allowing validation of these moddisost of the works cited
above focused in identifying the regions on the S-Curvesrevimestabilities can oc-
cur and investigating the nature of these instabilitiese Tlghlights of these papers
is that as the Damkohler number is decreased, bringingahgeficloser to extinction,
instabilities can arise from the competing mechanismserftfal and molecular diffu-
sion. These instabilities can results in stripped quergchatterns (cellular flames) or
intensity pulsations. The type of instability, if they ocai all before extinction, will
depend on the Lewis numbers of both the fuet f) and the oxidantZe,) which are
defined as the ratio of thermal to molecular diffusivities.

All of these research groups generally predict cellulaetystabilities for Lewis
numbers below 1 and intensity pulsation for Lewis numbemald, with slight vari-
ations in critical Lewis numbers depending on other flamapaters such as mixture
strengthy. According to the work using linear stability theory cadieut by the Mat-
alon group, the cell size is expected to scale with the difusengthil,, which is
defined asD,;/U, divided by the critical wavenumber in the marginally stabtate,
o* [44]. In a similar manner, the pulsation frequency is algoested to be well defined
and scale withD,;,/U? multiplied by the critical frequency;. Kukuck and Matalon
predicted that the pulsation frequency should be in thegarfid -6 Hz for typical ex-
perimental flames [71]. A recent paper by Wang et al. [75]gmésa detailed mapping
of the pulsation instabilities, using bifurcation anasybiased on the asymptotic ap-
proach of Cheatham and Matalon. They predict that stablidaigins are possible in
a restricted parameter range. These oscillations canreithbilize by themselves or
grow in amplitude and lead to flame extinction.

2.2 Experimental studies

Thermal-diffusive instabilities have been observed siheelate 19* century in pre-
mixed flames through the polyhedral structure they conf&unsen flame in certain
burning conditions[58, 59]. The first evidence that thisetygf instability can also
occur in diffusion flames came up much later in 1951 and isbatied to Garside and
Jackson [62], who were originally investigating polyhddlieanes structures in the pre-
mixed configuration. They noticed that when the reactardpaovided separately to
an axi-symmetric jet burner, a polyhedral flame structurelmaobserved if the fuel,
hydrogen in this case, is mixed with an inert gas. Since tfiegechance observations,
many experimental investigations have been aimed spdbjifatdhermal-diffusive in-
stabilities in diffusion flames.

Using a splitter plate burner, Dongworth and Melvin [76]catsbserved cellular
pattern at the base of diffusion flames close to the leanaidimlimit. They postulated
that these instabilities were caused by fuel leaking thinaihg base of the flame and
forming a composite premixed/diffusion flame where indité$ could develop on the
premixed side. Later Ishizuka and Tsuji [77] observed sttiguenching patterns in
diffusion flames formed at the forward stagnation surfacemdrous cylinder. The fuel
is inserted through the cylinder that is placed in a streaoximfant. Using hydrogen as

IFollowing this approach [72], the effective Lewis numbedésermined from the Lewis numbers of both
reactants weighted by the mixture strength. Informatiolvss in this process because the same effective
Lewis number can be produces from different combinationthefreactants Lewis numbers and result in
different stability characteristics.
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the fuel and air as the oxidant, they observed cells whernutlerfas diluted in nitrogen
or argon, but not when diluted in helium. They argued thatd#lés were caused by
preferential diffusion of H relative to Q. Cells occurred when the flame was located
on the fuel side of the stagnation layer and were preventemhwiine flame moved to
the oxidant side.

A exhaustive review of the counterflow diffusion burner cgaofiations available
for research purposes was presented by Tsuji [53]. Someeséthurners were illus-
trated in figure 1.4. The burner types that are treated inghjeer are: the opposed
jet flame, opposed matrix burner, flames located at the fahwtagnation point of
a porous hemispherical cap, and flames located at the forstagmation point of a
porous cylinder, also called the Tsuji burner. The authesents the characteristics of
each burner but very little is said about the potential oheaanfigurations for research
aimed at thermal-diffusive instabilities, save a mentibstoped quenching pattern ob-
served before extinction in the Tsuji burner with some raaiotompositions. It should
be noted however, that all of these burner types induce #isigmt strain on the flame.
Little has changed since then so far as burner configuraiomsoncerned, except a
few improvements aimed at reducing the strain experiengetid flame. A notable
improvement is of course, the recent introduction of thenbuiconfiguration used in
this thesis.

With the rise in interest towards diffusion flames in the lagbd decades, more
systematic experimental investigations on thermal-diffe instabilities in this config-
uration were realized. One of the first such study is that oérCét al. [78], who
used a slot-jet (Wolfhard-Parker) burner with a wide varigtfuels and inerts to pro-
duce cellular flames. The authors point out that the choi¢eeoburner configuration
was guided by the flame strain in opposed jet flames inhibiteltularity and axi-
symmetric burners of the type used by Burke and Schumanbigxburvature effects
that also perturb the instabilities. Their results inclumdaps of where cells were en-
countered as a function of the inert used, the oxidant cdaraion and the flow veloc-
ity. They concluded that the non-premixed instabilitiesetved were similar in nature
with the cellular instabilities observed in premixed flam&lsey where observed close
to extinction when leakage and intermixing are expectedetsipnificant across the
flame front. The cellular instabilities are associated witinditions where the Lewis
number of the more consumed reactant is sufficiently belaty,uamthreshold that they
estimated at aboute ~ 0.8.

In a recent paper by Han et al. [52], great efforts were takereduce as much
as possible the strain in a flame formed at the forward stagnabint of a porous
hemispherical cap immersed in a stream of oxidant. To do simtered porous burner
of very large radius (5.22 m) and a very low speed oxidanastrerere used. However,
since the combustion products are still evacuated radigiéy/flame is strained. The
magnitude of the strain is evaluated on the ordekgf~ 1.4s7! in the center of the
burner, but was not evaluated across the whole burner eexg®on and the effect of
curvature was not included. Using methane diluted in n#grgghey observed holes
and stripes in the flame sheet. The stripes they observedakegags aligned along
the unstrained tangential direction and being advecteidlipdutwards by the bulk
flow of products. This indicates at least some aerodynanfectsfon the instabilities
they generated since no static flame patterns where obserhedlame stability was
plotted as a function of the nitrogen dilution and the fugéation speed, identifying
regions where cellular instabilities occur. However, natign of the Lewis number of
the reactants, their variations or their effect of the flaratgyns observed were made.

Within the Laboratory of Fluid Mechanics (LMF) at the Swissderal Institute of
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Technology in Lausanne (EPFL) our research group has beie at experimental
investigations of thermal-diffusive instabilities in fliion flames. Using methane and
propane flames, Furi et al. [79] observed thermal-diffagmuced pulsations in a axi-
symmetric jet flame. These heavy fuels with oxygen diluteditrogen allowed the
Lewis numbers to be above unity, enabling the onset of tlge Bf instability close
to extinction. The occurrence of pulsation instabilitieasamapped as a function of
the jet velocity and the oxygen content of the oxidant stre@he observed pulsation
frequencies were in the order of a few Hz.

Cellular flames where also observed and investigated iretime gxi-symmetric jet
burner and in a two-dimensional slot burner (Wolfhard-BarkLo Jacono et al. [80]
considered the effect of both reactants Lewis humbers anihitial mixture strength
on the cellular patterns found, in addition to the paransetensidered in the papers
presented above. The regions where cellular flames fornose ¢b extinction where
plotted in the Lewis numbers (of both reactants) parame@cesand as a function of
both reactants initial concentrations in the suppliedastre Using H-O- diluted in
CO,, they found that when decreasing initial mixture strengtils appeared over a
larger portion of the parameter space. Depending on flowitiond, they observed
between 1 and 6 cells on their 7.5 mm diameter burner. In theeffehaving between
1 and 3 cells, the pattern was rotating.

In a subsequent paper using the same configuration, Lo Jacahdonkewitz [81]
investigated the effect of numerous parameters on theizell $hese included burner
geometry, injection velocities, mixture strength and taattransport properties. The
observed cellular pattern was carefully mapped in the amaatoncentration-jet ve-
locity for both the axi-symmetric and slot burners. The cpbf the cell size was
reported as a function of the vorticity thickness of the mixiayer where the flame is
located and the Reynolds number based on the injectioneoXalariation of the cell
size was also observed as a function of the mixture strefpgtlith the cells growing
with increasingp.

Our group recently introduced of a novel research burnefigoration [55] that
allows the creation of quasi-unstrained one-dimensioiffalsion flames. This opened
new research opportunities for the investigation of théydiffusive instabilities in dif-
fusion flames in the absence on hydrodynamic effects. Thieréissilts in this new
burner where published by LoJacono et al. [55, 56]. The tegdthered covered
the variation of the flame position as a function of mixturesgth and a preliminary
mapping of the instabilities as a function of the fuel anddaxit composition of the
feed streams. However, drawback in the first version of thig design were pointed
out, namely that a residual strain remained, inducing celiom and that the effective
mixture strength could not be determined a priori from thepdied reactants streams.
Therefore, these results should be considered only gtiadita One of the first tasks
in the present thesis was modifying the experimental setugldw quantitative mea-
surements and comparison with theory.

2.3 Numerical methods

The recent advances in computer hardware that now providiessal amounts of com-
puting power at the disposal of research scientists hasgeltbiie way that numeri-
cal methods can be used in the field of combustion. The nualedsults of Kirkby
& Schmitz [41] where of limited scope because of the limit@doant of computing
power available at the time. Comparatively, the asymptotithods available shortly
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after allowed for models to include more parameters andlyaslalytical results for
important flame characteristics (i.e. ignition and exiimrc).

However, using asymptotic methods to find the dispersiatited used in the mod-
eling of the instabilities, as in the last papers listed tisa 2.1, still requires substan-
tial numerical treatment because the dispersion relatmnsd are transcendental. This
explains why many of the most recent work cited in sectionrlude substantial nu-
merical results. Modern computer hardware allows the free@adary problem to be
solved directly using numerical methods, an approach teahjts inclusion of more
parameters in the analysis that the asymptotic method,asidensity variations [82].
Here will be presented a selection of recent numerical tiyasons on the stability of
diffusion flame that will also benefit from the unique expegimal results presented in
this thesis for validation.

Direct numerical simulation work on pulsating flames by Setral. [83] have
revealed the occurrence of pulsations that can either defcgsow in amplitude and
lead to flame extinction, depending on the Damkohler nurbb@are the perturbation.
The authors suggested that the threshold Damkohler nyrnéleww which the flame
cannot recover stability, could be used as a revised eidimcriterion for diffusion
flamelet library in the laminar flamelet regime of turbuleatidbustion. However, this
analysis assumes that both Lewis numbers are equal and bmlijed range of Lewis
numbers has been investigated.

In a numerical simulation including the effect of more paedens, such as a vari-
able density, Christiansen et al. [84] investigated théwliffusive oscillations in hy-
drogen and methane flames. They concluded that while alllatgmis would ulti-
mately lead to extinction, in certain flames this procesddatba slow enough to allow
experimental observation. They also argued that osaitiatin hydrogen flames would
be too low in amplitudejK’) and too high in frequency (60 Hz) to be observed exper-
imentally.

In the numerical study of cellular instabilities, stripeatierns have been observed
for Damkohler numbers slightly above extinction. Lee anichH85] reported that
after the emergence of the cellular pattern, a further @serén the damkoler number
results in a reduction of the number of cells observed on adinensional opposed
jet burner. Recently, Valar et al. [86] performed numdrgimulations on the cellular
pattern developing in axi-symmetric jet flames and repogadd agreement with the
experimental results of Lo Jacono et al. [80, 56]. Howevergtent numerical results
have been found that address cellular flames in the ideadizedlimensional diffusion
flame that is the focus of this work.

The results obtained by Metzener and Matalon [45] will bedusgtensively in
this work because their model is the most complete we haveustered and was
developed for a burner configuration compatible with ourezipental realization. It
accounts for the effects of many parameters and coveringnesgof both cellular and
pulsating flames. Parameters considered includes bothsLrmwnbers, which can be
distinct and different than 1, the initial mixture strengtind the flow conditions. The
instability map presented in figure 2.1 is reproduced fromirtivork and shows the
predicted regions where different types of instabilities expected close to extinction,
as a function of both Lewis numbers. The flame parameters fdchathis map was
generated can be reproduced in our experimental burnerhanesults presented in
this thesis will be compared to this numerical model. Theesesference also provides
other maps and general trends for different mixture stieagt flow conditions, the
validity of which can also be tested using our experimentthodology.
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Figure 2.1: Detailed map of the instabilities expectedelmsextinction as a function
of the Lewis numbers of both reactants, with an initial migetstrength o = 0.5.
Reproduced from reference [45].



Chapter 3

Theoretical considerations

In this chapter will be presented the fundamentals of therttecal developments used
in the models that this experimental study aims to validate details of the linear sta-
bility analysis are outside of the scope of this work and titerested reader is referred
to the literature review of section 2.1 for a list of paperattbovers this topic. The
first section will present a simple model for the stable flameayated in the idealized
one-dimensional counter-diffusion burner. The simptifyassumptions made will be
listed and the main steps of the development explained. @$dts of interest are the
theoretical species and temperature profiles as well astagon for flame position.
These will be used later to assess how well our experimegaéization approaches the
idealized theoretical construct.

The only aspect of stability theory that will be presenteckhe the response curve
of the flame, which links the flame burning rate to the Damkbdhumber. This charac-
teristic S-shaped curve is very useful to illustrate the ma@isms that lead to the onset
of instability and flame extinction. Finally, numerical nmadithg was also employed
in this thesis to provide stable flame structure data beybeditastic simplifying as-
sumption of the theoretical modeling. The strategy used es®d on the Cantrea
software package and will be detailed in the last sectiohigf¢hapter. This tool was
also used to determine the mixture transport properties fhee measured composition
and temperature data.

3.1 Simple one-dimensional model for
the baseline flame

We start from the simplified theoretical model for the ideatl chambered diffusion
flame of figure 3.1(a) (see e.g. Cheatham & Matalon [44]). sdHginal configura-
tion, one reactant (usually the fuel) is supplied from th&dya with a uniform velocity
U, while the oxidizer is introduced from the top and reachesréaction area solely
by diffusion against the flow of products. The distributidrogidizer and products is
‘magically’ kept uniform over the cross section by the fagi stream which removes
combustion products and supplies reactant. In the follgwiinis model is adapted to
the more general symmetric configuration shown in figured.d(th arbitrary bulk
flow magnitude and direction imposed.
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Figure 3.1: a) Conventional chambered diffusion flame. h®@etric chambered dif-
fusion flame with reversible bulk flow.

3.1.1 Reaction-sheet approximation

In the symmetric configuration, the fuel and oxidant aredidtriced uniformly over the

burner cross section at= 0 andz = L, respectively. In the following, dimensional
variables and unscaled mass fractidhsre designated by. It is assumed that both
reactants follow Fick’s law of mass diffusion and burn in algl one-step irreversible
reaction 3.1.

vy fuel+ v, oxidizer— products+ () (3.1)

Next, we make the assumption of constant mass jliband transport properties
D;, x and C,, independent of temperature. In addition, it is reasonsblassume
that both reactants and the combustion products have @@¢ntean molecular weight
W, thermal diffusivity D,;, and specific heat’, since both reactants are diluted with
an inert C'O- in this case) that constitutes the bulk of the mixture. Tlady-state
dimensional equations of conservation of species are:

_- 90X, _9%X, N
pUW - DOPW = —I/OWOLU (32)
- 0X _9?°X

U= - DprQf = v Wi (3.3)
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-oT 0°T -
ﬁCpU% - )‘W = Qw (3.4)

Herew is the chemical reaction ratg,the density of the mixture and’;,IW, the
molecular weights of the fuel and oxidant, respectivelye Blgstem is made dimen-
sionless using the chamber lendtlas characteristic length ari#};,/ L as characteristic
velocity. The reference temperaturegi&”’, whereq = QXf_’L/Vfo represents the
heat released per unit mass of fuel consumed. The masofradtf fuel and oxidizer,
finally are scaled with the conditions where they are intasdl the fuel mass fraction
by X; atz = 0 and the oxidizer mass fraction kyX, ; ati = L, where¢ is the
fuel-to-oxidizer equivalence ratio.

_ XpnfvWy

¢ XO,O/Z/OWO

(3.5)

Invoking the large activation energy approximation, whieris assumed that no
reaction occurs outside of a thin reaction sheet located-atz ¢, the dimensionless
equations are obtained as

0X, 02X,
U o —Leolw :—L(Jé(l'—mf) (36)
0X L, 0°X
UTa e T = et a) )
or o*T

wherews(z—x4) = vy Wi L20(2)[DinpXs.0]™'. Here are introduced the Lewis num-
bers for the fuelLe; and the oxidanLe,, which are the rations of the thermal to the
molecular diffusivities.

_ Dy
Dy,
o=,

with Dy, the thermal diffusivity andD¢, D, the molecular diffusivities of the fuel
and oxidant, respectively. The Lewis numbers of both rewstwill play a critical
role in determining which type of instability, if any, canogv in the flame. The non-
dimensional boundary conditions at the location of fuel exidizer injection atz = 0
andx = 1, respectively are

x=0: X;=1,X,=0,T=Tp (3.10)
r=1: X,=¢,X;=0,T =Ty (3.11)

To link the solutions across the flame sheet at x ¢, equations (3.6) - (3.8) are
integrated frome = 2y —0to z = z¢ + 0 to yield the jump conditions
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[T]=1Xo]=[Xs] = 0 (3.12)
|5 + 2%

0
[2—5+Le}1%] = 0 (3.13)

where the operatdf]] represents the jump of the respective quantity across dutioa
sheet (the difference between its valuerat+ 0 andx; — 0). These jump relations
(3.12) and (3.13) represent respectively continuity ofatiables and the fact that the
reactants have to reach the flame sheet in stoichiometnpoptions to have complete
combustion, i.e. to satisfy the boundary conditiogngz = 0) = 0 andXs(z = 1) = 0.

3.1.2 Model results

The above model corresponds to the leading order of theatictivenergy expansion
of Cheatham [44], with slightly different boundary condits resulting from the finite
chamber length, and represents a stable planar flame sh@eingsequations (3.6) -
(3.8) in each sub-domaih < = < z;y andzy < = < 1 and applying the boundary
and jump conditions (3.10) - (3.13) yields the flame positigngiven by equation
(3.14) and the exponential species and concentration @sofd.15) - (3.17), where
T is the adiabatic flame temperature defined by the jump relatithe theoretical
profiles obtained from this simplified theory applied to eb&tdean flame¢ = 0.5)
are presented in figure 3.2.

e—ULef;Ef -1

e =9 (3.14)
x 0 forO<z<ay (3.15)
= ULeox__ ULeox .

¢ %W for Zf <zx<l1
JUlLesw_ ULepay
sz W fOrOSEESxf (316)
0 forzy<a<l
Uz Uz
[(Lr=To)e “+Toe */-T, forO <z <ay
(3.17)

Ux
T = e *f-1
(Tf—TL)eUI+TLeUIf—Ter
Tz U
e “f-e

forrxy,<ax<1

It is interesting to notice in equation 3.14 that the flameitpmsin the present
finite length burner depends on the Lewis numbebath species, in contrast to the
semi-infinite configuration of Cheatham and Matalon [44] vehe; depends only on
the Lewis number of the species which has to diffuse agalmesbulk flow. In our
burner, when the bulk velocity is very small, both Lewis nardbbecome relevant for
the determination of flame position since for both specif#fagion plays an important
in transport towards the flame.

When the bulk velocity is high, equation 3.14 agrees withekgression given by
Cheatham and Matalon [44] as one would expect. In the ligitase of vanishing
bulk flow U = 0, the expressions (3.14) - (3.17) have to be evaluated withital’s
rule to yield the limiting flame position:
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Figure 3.2: Theoretical species concentration profilesl (fu- —, oxidant- - -) and
temperature-(-) profiles obtained from the simplified one-dimensional modgnhe
results shown are for a G@liluted H,-O, lean flame ¢ = 0.5) with a bulk flow of 20
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zp(U=0)= (3.18)
In this limit of a purely diffusive flame without bulk flow, theemperature and
species concentration profiles become linear and will nahmsvn here.

3.1.3 Adiabatic flame temperature

In premixed flames, the calculation of the adiabatic flameptenature is a relatively
straightforward process. Assuming a complete depletidghefuel, one simply has to
determine the amount of heat released and find the resuéiimperature increase for
the unburned species and the products. In the diffusion flamméguration used here,
the situation is complicated by the fact that the amountetiunter-diffusing reactant
that removes heat from the reaction zone is unknown. Consgithe particular case of
complete combustion with the oxidant counter-diffusingndy taking into account the
amount of oxidant consumed results in a large overestimafithe flame temperature.

In the theoretical treatments of the problem found in therditure, the adiabatic
flame temperature is often determined using a relationsliipgnsionless) of the form
given in equation 3.19 [44]. This equation is valid for theseavhere the oxidant is
the counter-diffusing species. The parameters used are the temperature at the
advected end of the chambé]" the difference between the two supply temperatures,
¢ the mixture strength ande, the Lewis number of the counter-diffusing species.
However, since this approach assumes constant transppeipies, it results in a con-
siderable underestimation of the flame temperature whepaced to the experimental
results available.

Ty=1+T o+ (AT —1)(1+¢ 1) HEeo (3.19)

In this thesis, the adiabatic flame temperature was detedrdonsidering that the
heat released by the combustion is used to raise the terapeditthree species. The
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first two are the inerts contained in the advected streamranprbducts of combustion.
These are assumed to be raised to the flame temperature. ifthedhtribution to
the heat expenditure includes part of the supplied coudifirsing species that never
reaches the flame but is nonetheless heated above its sligstiperature. The choice
of the temperature at which this last contribution is raisesomewhat arbitrary and
has a huge influence on the resulting adiabatic flame temperafThe assumption
used here is simply that the whole of the oxygen present atdbater-diffusing end
of the burner is raised to a temperature halfway betweemibetion temperature and
the flame temperature. This choices yielded results in vepdggreement with the
experimental results and the values obtained from the nuoalenodels presented in
section 3.3.

3.2 Stability considerations

Theoretical investigation of the stability of diffusioniites usually involves applying
asymptotic methods to a simplified model similar to the oresented in the previous
section. The linear stability analysis is often performgdriroducing a small per-
turbing parameter in the stable base state [72, 44]. In thieskes, it is customary to
assume constant density to remove hydrodynamic effeatstfie analysis. The result-
ing dispersion relation reveals the nature and flame camgitinder which instabilities
can develop in unstrained diffusion flames. Important patens that must be included
in the analysis include both reactants Lewis numbers, itialimixture strengthp, the
temperature difference between the two ends of the chamidetha Damkdhler num-
ber. This critical parameter can be used to characterizbuhging state of a flame
using the response curve concept that will be presentedtiose3.2.1.

In the present thesis, the results of the group lead by Mosdalvh will be used
extensively because they include the effect of more copammeters [44, 71, 45]. Of
special significance is the inclusion of both reactants ewimbers, which are allowed
to be different from each other and different from unity. &thnear stability analysis
often uses a singleffective Lewis numbavhich is derived from both reactants Lewis
numbers weighted by the mixture strength [87, 73]. This apen, while simplifying
the mathematics of the analysis, loses the information tatheuphysical role of each
reactant in the onset of the instabilities.

In the limit of infinitely fast chemistry, the Burke-Schunraimit, there is not leak-
age of reactants across the flame sheet and there is no retidsslito the dispersion
relation with a positive growth rate, the flame is uncondily stable. In the case of
equal diffusion coefficients, whetee; = Le, = 1, the dispersion relation again admits
no real positive growths rates and the flat flame is again wfitonally stable [44].
For all other cases of unequal diffusivities and finite-reltemistry, instabilities can
arise.

3.2.1 The response curve

A response curve relates the flame maximum burning temperatureaction rate to
some flame parameter such as the reactants initial temperbtuk flow velocity, etc.
It is used to visualize certain states of the flame, ignitgiable burning solution, in-
stabilities or extinction. In this section, the responseredinking the flame reaction
rate to the Damkohler number will be used to illustrate theameters involved in the
onset of instabilities close to the lean extinction limitdiffusion flames.
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The Damkohler numbeP,, is defined as the ratio of the residence time in the
reaction zone to the chemical reaction time. The formutetithe Damkdhler number
can vary depending on the context it is intended to be useitie.form presented in
equation 3.20 is applicable to the one-dimensional cordignum used here and is taken
from reference [44]. It covers the range of Damkohler nurelieom an infinitely
fast rate of burning, the Burke-Schumann limit at the high,atown to instabilities
and extinction at the low end. This range is sufficient hemeesiour interest is in the
onset of instabilities from an initially stable flame and mgth phenomena involving
ignition.

A (ROTG)3 Vacy W

D
E qROW

0 = PYNIE PBX§ o exp(-E/RT,) (3.20)

Response curves for diffusion flames are typically S-shejitbshe three branches
representing different burning regimes. They were firstligtl by Fendell [88] and
Linan [67], for a more recent and broader presentation, sde M6/pical S-shaped
response curve is shown in figure 3.3. On the bottom brancheottirve, the flow
is nearly frozen, with a very small reaction rate. As the Dahikr number increases
progressively, so does the reaction rate uBtjl reaches a critical valu®,_ ; corre-
sponding to ignition. The reaction rate then increases imfnite manner and the
burning state jumps on the upper branch of the curve correipg to intense burning
rates. IfD, is further increased, the system approaches the BurkerSatulimit of
infinitely fast and complete combustion. On the other hain®,iis decreased the re-
action rate will follow the top branch and decrease slowlil@amother critical value
is reachedD,_ g corresponding to extinction. The system state then jumpls ba the
lower branch of the curve with nearly frozen flow. The cenpait of the curve cor-
responds to unstable states with a reaction rate decreagm@creasingD, that can
therefore be considered physically unrealistic [46]. Tbetipn of the top branch of
the S-curve immediately before extinction is where thertfadiffusive instabilities
are predicted and observed.

In figure 3.4 is presented a close-up of the portion of the tgmth of the S-
Curve immediately adjacent to the extinction point. Thédsid line represents stable
burning states and towards the right,/2sis increased towards the Burke-Schumann
limit, the flame temperature tends asymptotically to theabdiic flame temperature.
The dashed line represents unstable burning states witinathgition point located at
D, = Di being a marginally stable state. It is between this critile D} and
extinction that the thermal-diffusive instabilities caevélop and therefore it is there
that the experiments should be conducted.

In our experiment, we would like to be able to move downwardrentop branch
of the S-curve to reach the unstable regime located immedgibéfore extinction. The
ways available experimentally to change the Damkodhlertmenare limited and involve
altering the characteristic flow time or the characterist@ction time. The latter can
be used to loweD, by reducing the flame temperature, either through incrgasia
reactants dilution while maintaining their proportionsistant or simply by changing
the mixture strength. Changing the dilution without chauggihe mixture strength
¢ is difficult because of the inherent complexity of our exp®ntal configuration.
In practice, it is difficult to predict the effective boungiazondition on the counter-
diffusive injection side resulting from a change in dilutievel, as will be explained in
section 4.1. Therefore, the most convenient way to dectéadeamkodhler number in
our experimental realization is to reduce the mixture gjtieby decreasing the amount
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of fuel supplied in

the fuel stream.

Itis also possible and easy to change the residence timeadmgalg the bulk flow.
However, the range of experimentally achievable bulk flownsted, ranging from

very small values

to about 30 mm/s. From the expression diveuation 3.20 we
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see thatD, varies as the inverse of the square of the bulk velocity artd thie third
power of the adiabatic flame temperatlite The inability to significantly increase the
bulk velocity to reach the lowD, where the instabilities are observed means that the
flames are usually brought to instabilities simply by lowgrthe mixture strength to
decrease the heat release, increasing the chemical retinim

3.2.2 Thermal-diffusive instabilities

The thermal-diffusive instabilities that can develop elde extinction in diffusion
flames can take many forms, the distribution of which in thexpeeter space has been
the subject many of the works reviewed in section 2.1. Ofegehere are the instabil-
ities that can be observed in the laboratory: mainly cellfiéanes and planar intensity
pulsations. Other instability regimes are also expecteuah fiheoretical modeling, such
as oscillatory cells at the transition between the two modias concept of a thermal-
diffusive instability evolving on very fast timescalesneparable to the characteristic
chemical time was also demonstrated by Buckmaster et gl. [89

The driving mechanism behind these thermal-diffusivesbtiities is the differen-
tial diffusion between species and heat, both of which beiecessary to sustain the
combustion reaction. The ratios of these quantities, thvdd rBumbers introduced ear-
lier in equation 3.10, are the key parameters that will cetee what type, if any, of
instability that will develop as the Damkodhler number isid@sed to approach extinc-
tion. Naturally, if all diffusivities are equal, the flameusconditionally stable to TD
instabilities. However if they are not, there will be eittger excess or deficiency in
available enthalpy in the reaction zone.

The sketch presented in figure 3.5 show qualitatively thatloo of the regions
of cells and pulsations expected in the Lewis number spade figure is adapted
from reference [29], with pictures obtained in this workerted in the regions of cells
and pulsations. The solid line represents the conditionsrevkhere is no excess or
deficiency of available enthalpy; in the reaction zone. Above this line, there is a
deficiency of enthalpy while below the line there is an exadsnthalpy. The vertical
dashed line represents the effective mixture strengtledtamer, with lean conditions
having a negative on the left and the rich conditions on the right.

Generally speaking, when the Lewis numbers are below uthigythermal diffu-
sivity is smaller than the molecular diffusivity and sindethe heat cannot be carried
away, there is an excess of available enthalpy in the reaztioe. This situation favors
the creation of a cellular flame pattern at |@)y. The opposite situation where Lewis
numbers above unity yields a deficiency of enthalpy closé¢dflame results in pla-
nar intensity pulsations. When considering the initial mir strength, cells are more
likely to occur in lean flames and pulsations in rich flameg.[#Be high-frequency in-
stability regions shown in figure 3.5 corresponds to thetiast instability introduced
by Buckmaster et al. [89] and intervenes on such small tinddemgth scales that they
are not expected to be observable in practice.

Stationary cellular flames are found when the fastest grpwiiode has a finite
wavenumber and pulsation when this wavenumber is zero. twdam those two
domains, the two types of instabilities can co-exist, r@sglin oscillatory cellular
flames. Theoretical studies [44, 71] reveal that the tymcad of the cellular patterns
is expected to scale with the diffusion lendth = Dy/pc,U divided by the critical
wavenumber in the marginally stable state. In a similaritastihe pulsation frequency
should also be well defined and scale widky,/U? multiplied by the critical frequency
in the marginally stable state.
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Figure 3.5: Qualitative sketch of the types of instabi$itexpected close to extinction
as a function of the Lewis number of both reactants. This éguais adapted from ref-
erence [29]. The inserted pictures illustrated the callfiéanes that will be discussed
in chapter 7.3 and the planar intensity pulsations thathwiltliscussed in chapter 7.4.

The locations of the various regions illustrated in figuedepends strongly on the
flame parameters, especially the mixture strength. In &ldche the graph is stretched
along the vertical axis and compressed on the horizontahaith lean configurations
having the opposite effects. If the roles of the two reastan¢ inverted, with the fuel
now having to counter-diffuse to the reaction zone, a sinmiap could be drawn. In
this reversed configurations, the same regions would bedfbutitheir location would
have to be flipped relative to a line passing throulgh = Le.

3.3 Numerical tools

In this thesis, numerical tools were used to perform threkstaFirst, to evaluate trans-
port and thermodynamic properties for the complex gas mast@ncountered in this
experiment. Second, to gather needed flame parametersastich maximum flame
temperature without having to perform lengthy experiméotsvery flame configu-
rations used. Finally, to calculate species and temperaiuafiles beyond the drastic
assumptions of the theoretical model, allowing comparisith the experiment. The
Cantera software package [90, 91] was used for all of thesks ta&Cantera is an open-
source (distributed under the BSD software license), estémsoftware suite created
and maintained by D. G. Goodwin of Caltech. For the resuks@nted here, Cantera
was used only from within the Matlab environment.

The transport properties were evaluated using the NASArbdynamic database
for gas phase mixtures [92, 93]. Matlab code was written teract with Cantera,
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either through a command line or a GUI interface. From thebeg mixture compo-
sition and temperature data measured experimentallyytgggm returned the relevant
mixture properties. Since at least one end of our burnerés op the atmosphere and
the pressure drop in the exhaust path is very small, theymessthe burning chamber
was always assumed to be one atmosphere.

For all results presented here, the mixture compositiorotit bnds of the burner
was always measured or known from the prescribed gas stidamever, measuring
the composition and temperature in the reaction zone itgletfre they are the most
relevant to the analysis is difficult, lengthy and inducesgyréations on the flame.
Moreover, the mass spectrometry instrumentation impleetehere to measure the
composition in the chamber can only account for stable sgedn the reaction zone
where radicals are abundant, this can induce errors in exdfd% [94].

When the mixture composition at the flame or the temperatata @as not or
could not be measured experimentally, these values weteadgd from a numerical
model of the burner. Supplying the measured boundary dondito this model and
solving using the routines built into the Cantera packagédgid the desired informa-
tion about the conditions prevailing at the flame front. Téaation mechanisms used
in this model for both the methane and hydrogen flames enecethin this thesis was
GRI/Mech 3.0 [95]. This mechanism includes 53 species ald&2ctions. Although
optimized to model methane combustion, this mechanisnms@s\aidely used for hy-
drogen combustion [95].

The use of numerical tools also allows to go beyond the assangpused to de-
velop the simple one-dimensional model for the baselinedlpnesented in section
3.1. Using the same numerical model provided results on flamséion, species and
temperature profiles that can be compared to both the siegplifiodel and the exper-
imental data. Numerical results are presented in figure®.éhke same stable flame
that was used to generate the theoretical profiles of fig@revich are also shown
for comparison purposed.
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Figure 3.6: Species concentration (fuel 5 oxidant - -) and temperature-€) profiles
obtained using the Cantera software package. The thealrpticfiles from figure 3.2
are shown with the black lines. The results shown are for a-@ildited H,-O, lean
flame ( phi=0.5) with a bulk flow of 20 mm/s.

The main differences between the two datasets is seen irotieentration profile
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of the advected species and in the location of the flame fiimtse discrepancies are
expected since in the theoretical model constant trangpopterties are assumed and
evaluated at the flame conditions. The advected specieg bapplied at a temperature
significantly lower that the flame temperature it is normalée a poor accuracy of the
theoretical model in this region. There is also a slightati#hce between the theoretical
and numerical models regarding flame position. Again, tifisrénce can be explained
by a drastic assumption made in the simplified theory. Byragsg that the chemistry
is infinitely fast, the reaction zone collapses to an inflgitain surface, which is not
the case in reality or in the numerical model which accouaitdihite-rate chemistry
and results in a finite thickness flame sheet.



Chapter 4

Experimental facilities and
methods

At the core of this thesis is the gathering of experimenttd da the thermal-diffusive
instabilities of diffusion flames in the absence of strain.this chapter will be pre-
sented the experimental facilities and techniques thaéwsed for this purpose. In
the first section will be described the two burners featutimegnovel species injection
arrays that allow the creation of the sought after unstchiteemes. A more lengthy
description will be given for the second, or Mark Il, versiofithe burner since it was
built specifically for this thesis.

Subsequent sections will cover the experimental meanstbi implemented to
probe the flame and measure its characteristic. First wiliseussed the photographic
and cinematographic techniques used to record flame shdpaa@tion. Then the way
the velocity and temperature profiles were measured wilFbsgnted. The last section
will cover the mixture generation setup. An extensive soitanass spectrometric
techniques were also developed specifically for this thasd because of its extent,
this topic will be treated separately in the next chapter.

4.1 The burners

The main challenge when attempting to create an unstrainachicered flame is to
supply the reactants and remove the products evenly adressaction area. A novel
way to address this problem and produce a truly unstrainetkflaas recently intro-
duced at EPFL by Prof. Peter Monkewitz and successfully émgnted [55, 96]. In
this novel burner configuration, this difficulty is overcofmg supplying the reactant
through an array of closely spaced needles while allowiegptfoducts to escape be-
tween them. The result is a flame with very little residuaistwhich results mainly
from temperature inhomogeneities in the supply and exhgaths. This strain can be
minimized and the supply configuration poses no restridirihe strain to be com-
pletely eliminated, contrary to burners where the prodastsevacuated radially. This
unique configuration is ideally well suited to provide expental validation for the-
oretical diffusion flame stability models and accordinghstbeen developed in close
collaboration with Prof. Moshe Matalon who heads a veryaatesearch group work-
ing on the theoretical side of the problem.

31
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Figure 4.1: Schematic of the Mark | version of the burner. Tt in injection array,
(2) the injection layer and (3) the secondary burners.

4.1.1 Mark | burner

The first (Mark 1) version of the burner was built by David La&dao under the super-

vision of Peter Monkewitz, starting in 2003. The first resigathered in this unique

burner were published in 2005 [55, 56]. No results generiatéis thesis were gath-

ered using this first iteration of the burner design as it weedufor the publications

listed above. The first results presented in this thesis abtighed in reference [96]

were achieved using an improved version of the Mark | burrteene great care at been
taken to reduce the residual flame stretch.

A sketch of this modified version is presented in figure 4.1e Trjection array,
labeled (1) in the figure is made of 625 stainless steel hypoideneedles capillaries
210 mm long (Unimed S.A., Lausanne). The needles have a 1.0uen diameter, a
0.1 mm wall thickness and are arranged in rows of 25 on a 1.7&amtesian grid. The
resultis a 46< 46 mm square cross section burner. The burning chamber@sed
entirely by quartz walls, 3 mm thick. One pane features a 10diameter hole to allow
the insertion of an open flame for ignition. Immediately bethe needles, there is a
layer with localized tri-dimensional flow where the injettstream mix with the hot
flow of products escaping upward from the reaction zone heldws layer is referred
to as thenjection layer(labeled (2) in figure 4.1) and since the needle spacing if sma
the flow is expected to be strictly one-dimensional only arstiistance below the tip
of the needles. This introduces the problem that the mixtoraposition below the
injection layer is not knowa priori from the supplied gas streams since it a significant
proportion of the mixture injected through the needle arag go straight back up
the chimney with the flow of products, as illustrated in figdr2a). To obtain this
information about the effective boundary conditions of tlsener, mass spectrometry
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Figure 4.2: a) Detailed representation of the injectioretagnmediately below the tip
of the needle array. b) View of the mass spectrometer capiliserted to probe the
mixture composition below the injection layer.

was used to sample the mixture composition throughout theidm chamber. This
topic will be discussed in chapter 5.

In the top injection plenum the needles originate from, sopsrmetal filter cre-
ates a pressure drop high enough to ensure uniform consliéibthe top of the array.
The reactant advected from the bottom is inserted in the bleaafter passing through
a stabilization chamber and a flow straightener composedbeély packed 3.0 mm
stainless steel tubes. Porous metal filters and other meagmnerates strong pres-
sure drops were avoided to allow the flow to be seeded, emplaléer-based velocity
measurements.

The initial measurements made in the Mark | version provedwdlidity of the
concept, but revealed a number of problems in the implertientaAddressing these
problems was the first tasks carried out in this thesis. Twimisaues with the flame
created compromised the quantitative comparison withiteerty are illustrated in fig-
ure 4.3. In the first frame, significant curvature can be seethe edges of the flame
and the second frame illustrates the rapid cell motion ofeskin the pattern formed
in unstable flames. Some asymmetry can also be noticed inatime fhape, with the
left side of the flame appearing dimmer. Temperature measnts in the exhaust
path revealed that one side was significantly colder thaotier. This was caused by
all hot components of the burner being attached to the stipprmn from the same
side. All of these components were made of metal (brass amdimlim) resulting in
colder temperatures in the chimney on the attached sidewfsgmmetric attachment
scheme was implemented that improved the symmetry of theefape.

The flame curvature was initially believed to be caused by llosa at the windows
in the burning chamber. To alleviate this problem, a set obsdary burners, labeled
(3) in figure 4.1, were fitted on the outside of the burner, atsiime level as the flame.
A picture of the lit burner with the side burners in action @sva in figure 4.4. The
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10 mm
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Figure 4.3: Typical pictures of flames from the unmodified Karersion of the burner.
(a) Stable flame seen from the side with noticeable curvatutbe edges. (b) Unstable
flame seen from below. The blur in the cellular pattern is edusy the residual flame
stretch induced rapid motion of the cells.

Figure 4.4: Picture of the improved Mark | version of the lrwith a flat flame
present and the lit secondary burners.

removal of the lateral support did improve the symmetry ef flame, but even with
the side burners the flame curvature on the edges is stililgisiThis fact hinted that
the cause of the curvature and residual strain was not inuheriyg chamber but rather
in the exhaust path and injection layer. In both the initigderiment of Lo Jacono and
in this modified version, the influence of a residual strairttmnflame is revealed by
the rapid motion of the cellular patterns observed closextm&ion. The picture of
figure 4.3b) shows this motion through the streaks and fezairof the cells capture
with a moderately long exposure time of 1/10 s. Velocity nuieasents made in the
lit burner by Lo Jacono [56] showed an acceleration of the flomard the sides of the
burner. The residual strain was evaluated at the time to lieeoarder of 1.5,
Several aspects of this first burner design are thought tibate to the curvature
of the flame edges and the residual strain observed. Theylohally be referred to
as wall effects since they all take their origins in inhomuogjées close to the chimney
and burning chamber walls. First, since there is no row dfdyinder emerging from
the chimney walls, the escape path between the last row ektabd the walls offers
a lower resistance to the flow of products that the space lestwgo rows of tubes.
Second, heat loss at the chimney walls, which are made o$ farad not insulated,
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implies that the flow in the colder region of the exhaust agljid¢o the walls is less
viscous. These two phenomenon have the effect of incredisenfiow velocity on the
periphery of the chimney and upper part of the burning chaniifes effect is clearly
seen on the velocity measurements of Lo Jacono [56] and sbat@eunter-balances
the velocity boundary layer that develops on the burningrdber windows.

There is a third wall effect however that appears to be dotimgahe two others
since it is the only one that can explain the curvature of tamédownwardat the
edges. From the temperature gradient in the chimney iticlihat the supply needles
routed through it will experience different pressure drdppending on their location.
Needles on the edges are colder that at the center, abtDitd?0average. The flow in
the needles of the central core of the injection array beattehand more viscous, the
counter-diffusing reactant will exit the needles with a &welocity at the center of
the burner that on the edges. The result is that the effectivire strength is not the
same over the burner cross-section. In the case of the flachegul in figures 4.3a)
and 4.4 the excess of oxidant on the edges lowers the mixneregsh and pushes the
flame further from the injection array.

4.1.2 Mark Il burner

The lessons learned from the experiments made in the Marksloreof the burner
were extremely useful in designing the improved Mark Il vams In this new version,
all of the issues listed at the end of the previous sectiorwaddressed and corrected
with some level of success. One important new feature wasalded by inserting both
reactants through needle arrays thus providing the pdiggitoi allow the products to
escape through both ends of the burning chamber. This givedtaneous control over
both the bulk flow magnitude and direction. This feature waslémented to allow the
investigation of unstrained diffusion flames with very shiilk flow and eventually
the limit situation where there is no bulk flow across the chamall transport being
through diffusion only.

A schematic representation of the burner is provided in &guba). The injection
arrays consist 081 x 31 = 961 stainless steel hypodermic needles with an outer di-
ameter ofl.2 mm and a wall thickness df.1 mm on a Cartesian grid with.5 mm
spacing. Both arrays are introduced in a quartz walled bgrohamber with a square
cross-section of7.5 x 77.5 mm2. The products are allowed to escape through a sec-
ond set 0f32 x 32 = 1024 tubes ofl.2 mm I.D. located between the injection needles.
These extraction tubes are bent outwards to deliver theusklgas into annular exhaust
plenums which are heated to prevent condensation in theuskhzanifolds resulting
in non-uniform product extraction. To accommodate the tets sf needles, the spac-
ing of the arrays was increased from 1.78 mm in the Mark | wver$d 2.5 mm in the
Mark Il version. The same diameter injection tubes (0.8 nin,11.0 mm O.D.) were
used in both version due to geometrical constrains in thieneaf the chimney where
both sets of tubes overlap. However, to ensure that the y@tegthe injection tubes
had roughly the same speed in the two versions, a small secfitarger diameter
tube (1.0 mm I.D., 1.2 mm O.D.) was attached at the end of egehbtion tube. This
compensated for the larger grid spacing and kept the injeddyer in the two version
geometrically similar.

The spacing between the two injection arrays is adjustabteden10 mm and
80 mm but for the results presented here was eiffitemm or40 mm. Figure 4.5b)
shown a photograph of the partially assembled burner. Thersstric arrangement of
the product extraction manifolds exhausting into two pfeswn both ends (not shown
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Figure 4.5: (a) Representation of the symmetric Mark Il i@r®f the burner; (1), Re-
actant injection plenums; (2), Straight injection needtaygs emerging from plenums;
(b) Photograph of the partially assembled burner (withabaest plenums and thermal
insulation) with all needle arrays in place. (1) and (2), sams in (a); (3), Extraction
needles bent outwards between injection needles; (4) tQuelled burning chamber.

on the photograph) allows control over both the magnitudgdirection of the bulk
flow through the flame by adjusting the pressure different¢edsen the two exhaust
plenums.

The use of the secondary array of extraction tubes to renfeveroducts helped
manage the wall effects that caused most of the undesirasteres of the Mark | ver-
sion. To account for the presence of the wall, the diamet#reofast row of extraction
tubes was reduced to provide roughly the same exhaust fledaraeach supply tube
of the array. A sketch of the extraction and supply tubes gordition is provided in
figure 4.6. Even if the tube diameters could only be chosem fadimited set of val-
ues available from our supplier, this improvement had aiagmt effect on the flame
produced. The parasitic motion observed in the cellularél@mduced was reduced
drastically, hinting at a significant reduction of the resitiflame stretch.

To further isolate the central portion of the burner from tedls where velocity,
species and temperature gradients remains, a large diagquetdéz tube was placed in
the chamber. The tube covers the entire distance from thettpe bottom injection
arrays. This creates two flames at the same position in thertguchamber, ensuring
homogeneous temperature boundary conditions for theatdtame. In figure 4.7a),
a side view of the burning chamber is shown, with a 45 mm O.B.nin I.D.) quartz
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a)

Figure 4.6: (a) Configuration of the injection and extractiabes. (1) In red, the
straight injection tubes (0.8 mm 1.D., widening to 1.0 mmili@r down). (2) In blue,
the extraction tubes, bent outward between the injectibegy(1.2 mm I.D.). (3) In
green, the edge row of the extraction tubes (1.0 mm I.D.).Ir{4)ellow, the corner
extraction tube (0.8 mm 1.D.). (b) The two injection/extian arrays fully assembled,
each made of close to 3'000 stainless steel tubes each.

tube inserted. The presence of the tube ensures that onlglbeity inhomogeneities
caused by the boundary layers remain inside the cylinderenvtiee experiments are
conducted. The typical flame shape obtained in this setumissin figure 4.7b) with
the central portion of the burner exhibiting remarkablenisis. Tubes with different
diameters (35, 40, 45, 50, 55 mm O.D.) were custom made wiithatalls of 1.0 mm
(VQT S.A., Neuchatel) for two chamber lengths (20 and 40 mm)

The other improvements implemented in the Mark Il burner &delss spectacu-
lar result, although their combined effect contributesh® dutstanding performance
of the whole apparatus. To reduce the temperature gradigheiexhaust path, the
chimney walls were made of machinable ceramics (Macor, i@grimc., New York,
USA) to reduce heat conduction. The chimney was also iredilfitbm the outside
using amorphous glass wool (Superwool 607HT, Thermal Ciesairi C, Windsor,
U.K.). The extraction plenums were also insulated and ligatprevent condensation
in the extraction tubes. A picture of an extraction plenurthviialf of the outer shell
removed is shown in figure 4.8 with the insulation and heatisidple. The insulation is
made of compressed glass wool boards (Superwool 607HT §oBnermal ceramics
LLC, Windsor, U.K.). The heating is electrical and done gsiniled nickel-chromium
wire (NIC80, Omega Engineering Inc., Stamford CT, USA) e in a Pyrex tube
to prevent ignition of the combustible mixture that mightrfoin the exhaust plenum.
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Figure 4.7: a) 45 mm O.D. quartz cylinder inserted in the mgrhamber to isolate
the uniform central portion from the edges where small gnaidi remain. b) Flame
shape in the Mark Il version of the burner with the quartzroydir inserted.

These heating element were then formed into coils usingatbfeh to increase the
power density. Four such heating elements are placed inesdidction plenum, con-
nected in series for a total heating resistance of about 40890 The assembly is
connected to an autotransformer, with the voltage varigadduce the desired heating
power. Using thermocouples inserted at different locatiorthe exhaust plenums, the
temperature is regulated manually at aro@6gPC to avoid the formation and accumu-
lation of condensation. This heating system has the adgariet it also helps to keep
the temperature of the injection array uniform. In the Markefsion of the burner,
the formation of a hot core in the array resulted in importatéral gradients in the
counter-diffusing species boundary condition, contiiimito flame curvature.

Finally, to ensure a symmetrical repartition of the heaséssin the burning cham-
ber and chimney, all of the attachment are symmetrical Bwaision. All components
are held by the corners only, which also improves the optcakss to the burning
chamber. The ignition port (present in one of the chambedwivs) used in the Mark
| version caused significant heat loss, especially becditbe ood used to close it. To
avoid this problem, the flame is now lit with an electrical.afcdevice as built which
can produce electrical arcs up to 25 mm in length. Two smdédim the chimney
allow the introduction of electrodes in the chamber. Thehteque proved safer and
more reliable that the open flame ignition used in the Markrsiom of the burner.
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Figure 4.8: Picture of one of the extraction plenums in thekMBburner, half of the
outer shell removed, with insulation and electrical heatirstalled.

4.2 Image Acquisition

For all data relevant to flame position and shape where gadhesing the visible light
emission of the reaction zone. It is therefore an indirecasnee of the chemical re-
action rate but one that should be representative of the flamperature. To measure
flame position and the patterns formed by cellular instidd] digital still photography
was used. To capture the very dim dynamics of the intensiggpions, high-sensitivity
video cameras were used. Laser based techniques suchramtaseed fluorescence
(LIF) could have allowed the reaction rate distribution ®orheasured more directly.
But in the hydrogen flames that constitutes the bulk of thekvpresented here, the
low concentration of radicals in the reaction zone meanlénge integration time have
to be used, providing little advantage over photographyef\isible light emission.
For this reason, this potentially helpful but surely tinmsuming technique was not
implemented in this thesis.

In this section will be briefly reviewed the experimental meand techniques that
were used to produce the images presented in this thesishanekperimental data
derived from them.

4.2.1 Photography

The instabilities at the heart of this work occur close to #isartinction when the burn-
ing intensity is weak and the light emission very dim. To ca@the flame shape it was
necessary to use sensitive cameras, wide aperture lensef#) and long exposure
time. Two viewing angles were used and are illustrated inrégu9. To measure the
flame position or the location of probes (thermocouplessnsaectrometer capillary)
in the chamber the images were taken from the side (posijiomd.record the shape
of cellular flames the burning chamber was imaged from beldth, a viewing angle
of about30° (position 2) from the horizontal. Typical exposure time d¢etlular flames
ranged froml/2 to aboutl/10 in the weakly luminous hydrogen flames studied and us-
ing the most sensitive equipment available. This expldirsitensive efforts taken to
reduce the strain-induced cell motion, allowing these ferpgosure pictures to reveal
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the true flame shape without streaks behind the cells.

Custom image treatment software was developed under Matktract the flame
standoff distance relative to the injection tubes from thages captures from the side.
A reference picture was taken in ambient light with a scaferesmce inserted at the
flame location. From this picture, reference points are ehder the location of the
injection array and scale factors. A semi-automated praeetthen identifies the flame
position from the location of the peak of light emission. Rded that the images used
are not saturated, this method for determining flame pasiroved very repetitive and
reliable.

aansanyl
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Figure 4.9: Viewing angles used to capture flame and prokeditwts relative to the
top injection array (position #1) and the shape of the caflphttern formed (position
#2).

Two cameras were used, the first is a Nikon D200 digital SLRwihich most
of the images presented in this thesis where captured. Téwfigations include a 10
megapixels sensor (3'872 2'592) with a maximum ASA/ISO rating of 1600. The
Lenses used were either a 105 mm /1.8 or a 50 mm f/1.4 for weryight conditions.
For both lenses, extension rings were used to maximize taaspesolution offered
by the camera. Typical resolutions are on the order of 40lgixen. The camera
was usually piloted directly from the computer using thed¥ilcapture software that
allow the control over all camera functions through a USRiifsice. This avoided the
vibrations resulting from triggering the camera manuatlylbng exposure shots.

The second camera used is a SONY Cybershot DSC-F828 ditjlitataamera
(3264 x 2'448 px, 8 megapixels) with fixed optics (28-200 mm zoom 2.8). The
maximum ASA/ISO rating of the sensor is 800. Although marzaitrol over all
essential features is possible, it is through complicatedus since this model is in-
tended as a straightforward point-and-shoot camera r#tlaera research tool. The
limited light gathering capabilities and working distar{c@ macro photography pos-
sible) resulted in this camera being used only when two ganebus viewing angles
were necessary. For example to get the flame position (si&le)\and the cellular
pattern (viewed from below).



4.3. VELOCITY MEASUREMENTS 41

4.2.2 Video

The other type of thermal-diffusive instabilities investied in this thesis, planar in-
tensity pulsation, proved harder to record than the cellildanes which have the ad-
vantage of remaining more or less steady, allowing long supmotime. For pulsation,
temporal resolution is required more than spatial resafLdind that, for the dim flames
in which pulsations are observed, can be challenging. &ified cameras are usually
the obvious choice for this type of task, but none was avkalabthe time with suffi-
cient bandwidth.

In the field of high-speed imaging, very sensitive light s¥asare sought because
of the short exposure time available between the framesuséef a high-speed cam-
era at a low speed setting provides a remarkable light $étysitFor this reason and
because of availability, a very-high-speed digital vidamera was used to capture the
dynamics of the pulsating flames. The instrument used wasadthFastCam APX
(Photron Limited, Tokyo, Japan) capable of recording up2@ Q@00 frames per second
(fps). In these experiments, the frame rate used was betwefs (the minimum) and
250 fps, with the exposure time being simply the inverse eftame rate. The camera
was positioned at the position 1 of figure 4.9 to gather as nfigbhas possible. An-
other image treatment program was coded under Matlab taaitrtensity variations
from the produced movies and compute the frequencies fdraséme signal of the
pulsating flames.

To observe pulsations in hydrogen flames, where very liigjetlis emitted, the
Photron video camera was not sensitive enough, even at 5SMHipsever, the digital
still cameras described in section 4.2.1 also had limiteigwirecording capabilities.
The Sony can reach 30 fps. Unfortunately, the poor light gjaitlg capabilities and
limited sensitivity of the Sony camera made it unusable tore pulsations in hydro-
gen. The Nikon camera is capable of taking up to 4 fps withredolution and it is
with this limited temporal resolution that these instdladi where documented.

4.3 Velocity measurements

In the idealized one-dimensional chambered flame model ofdi@.1, the velocity

is simply assumed to be strictly parallel to the burner aXikerefore, a set of very
important measurements to validate and characterize qaremental realization are
the velocity profiles. Only a limited number of experimertedhniques are available
to measure the very small gas velocities (10-100 mm/s) ttemeacountered in this
experiment without inducing too much perturbations on tbe,ftwo were used in this

thesis. In the Mark | version of the burner, the velocity meaments were taken using
the non-intrusive Laser Doppler Anemometry (LDA) techr@qtlowever, in the Mark

Il version, the flow cannot be seeded to enable the use of LDéesboth reactants
are inserted through needles array. When seeding is agembte seeding particu-
lates stick to the walls of the needles and an insufficientiarhoeaches the burning
chamber. For this reason, another more invasive technigsedon heat transfer from
a heated element inserted in the flow was implemented to gatieast some data on
the flow field in the Mark Il burner.
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4.3.1 Laser Doppler Anemometry (LDA)

Velocity measurements techniques that are based on opgiaiques such as LDA
provides the advantage that all measurement instrumentbedocated outside the
flow being measured. The perturbation of the flow is therefoirgmal and limited to
the seeding particulates inserted in the fluid and used esraThe technique of LDA
works by intersecting two beams of collimated, monochraecreatd coherent laser at
a point in the flow where the velocity should be measured. Whenw interfere, the
beams produces a set of straight fringes. It is these frittggsthe tracer particles
reflect toward a detector where velocity of the fluid can beuded from the frequency
of the backscatter signal, provided that proper calibreiSacarried out.

The experimental setup used for this purpose includes aAddser (Coherent
Innova 90) that produces the three laser lines used to nmesgslacity along three axis
in the flow. The laser beams are aimed at the burner by a ofi#zad located on a
three-axis computer-controlled motorized traverse syst&@he backscatter signal is
processed by a burst spectrum analyzer (Dantec BSA mod&Ng,(band 57N25). A
detailed description of the setup used is provided in refez¢56].

The flow is seeded with alumina dust, nominal diamétgrum (Micropolish ll1A,
Buehler, Lake Bluff, IL, USA). To achieve satisfactory pele¢ suspension in the very
low flow rates used in this experiment, a new seeder had to hetrtwted. The
fluidized-bed seeder used is based on a design by Willmerfards [97]. The gas
to seed is inserted from the bottom of a cylinder partly filgth particulates through
a porous metal plate to ensure even distribution. To avaddhmation of channels
in the dust, part of the gas is also inserted through a holtovirng) device inserted in
the mass of dust and rotated by an electrical motor. Thigdesioved very effective
and allowed hours of uninterrupted operations before thiecdéad to be refilled with
dust.

4.3.2 Hot thermistor anemometry

The Mark Il version of the burner preventing the seeding ef flow, another tech-
nique was implemented to gather some insight about theaafuhe flow in this new
burner. The technique used is a derivative of hot wire aneetgmbased on the heat
transfer between a heated element and the flow. As the nantiesyip this technique
an extremely thin electrically heated wire, usually platin is inserted in the flow to
measure. The velocity is deduced from the fact that theteasie of the wire changes
with temperature. If a certain amount of electrical enesgyglissipated in the wire, its
temperature will depend on the amount of energy that cantredaway by the flow,
which is a function of its velocity. With proper calibratiaf the wire resistance de-
pendence on temperature it is possible to get accuratésggtdvided that the probes
are constructed to minimize the perturbations they indndbe flow field.

However, hot wires cannot measure the very small flow va&scjirevailing in the
burning chamber, down td0 mm/s. To do so, another resistive element with a re-
sistance that depends more strongly on temperature caredethe thermistor. This
passive electronic componentis designed specifically aickstate temperature sen-
sor, its name being a portmanteau for thermal and resisti@migles of such systems
can be found in the literature [98, 99] that can measure gasities as low as a few
centimeter per second. Although commercial system basetistechnique exists,
they are not aimed at research applications and must be edtlifienable the extrac-
tion of a usable signal. One such device that was tested ket success is the
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Testo 405 (Testo A.G., Germany), which is made for the vatntih industry.

The actual device used was developed at EPFL for measureshénérmally-
induced air flows in models of various landscapes [100]. Tystesn works by sup-
plying a constant current to the thermistor (constant curamemometry CCA) and
recording the variation of the element resistance as aifumof the flow velocity. A
sample of a typical response curve of the output signal, oredsn millivolts, as a
function of the flow velocity is given in figure 4.10. From thdalibration curve it is
possible to obtain the velocity profile across the burningneher.
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Figure 4.10: Sample of calibration curves typically ob&irfrom the hot thermistor
anemometer.

The probes were too big to be inserted in the burning chanhibeugh one of the
extraction tubes. The burner was therefore opened and tiepieads inserted from
the inside through one of the extraction tubes before beimmected to the rest of
the instrument. After each change in position the systemoahisrated since changes
were observed in the zero flow response following the unmaadtre-mounting of
the probes. Probably because the advanced age of the alestused (exceeded a
quarter-century), the repeatability of the measuremeatslimited and their accuracy
is not expected to be better that 10%.

4.4 Temperature measurements

The flame temperature is an important parameter to assegsdlfigy of the flame re-
alized experimentally and compare it with the theoreticaifiguration where models
are developed. The measurement of temperature in flameshiallargying task, the
extremely high temperatures, high radicals concentratéond probe induced pertur-
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bations are all complicating factors that must be overcofm@ mainstream methods
are available to obtain the temperature of a flame. The filsas®d on optical tech-
niques while the second, which is used in the current works specially designed
thermocouple probes.

Optical techniques are used extensively in combustiorarebeo obtain both tem-
perature and species concentration measurements. Tlyegittetr on linear (Laser-
induced fluorescence (LIF), absorption, spontaneous Racattering (SRS)) or non-
linear (coherent anti-Stokes Raman spectroscopy (CARSgmerate four wave mix-
ing(DFWM)) processes. Using these methods, it is possibiketermine the rotational
distribution of some ion (frequently Ot from which the temperature of the gas can
be determined. The errors resulting from the fits of the erpemtal spectra can be
as low ast17 K[101] or 5% [102], depending on the technique used. Howeiés
approach is complicated, expensive, time-consuming aquineequality optical access
to the flame. For a complete treatment of laser diagnostitsitques in combustion,
see the book of Eckbreth [103].

The use of thermocouples is considerably less materiah$nte but the direct
probing of the flame implies complications that must accedrfor. Nevertheless,
the simplicity of thermocouples based temperature measmts has motivated many
researchers to devise ways to overcome these complica@omnsparisons with optical
techniques confirm that good precision can be achieved méiniocouple flame tem-
perature measurements, on the orderif K [104] or better. To achieve such results,
proper care must be used in the fabrication of the probestenthterpretation of the
output signal.

4.4.1 Temperature measurements with thermocouples

When a conductor is placed in a temperature gradient it eitlegate a potential dif-
ference, this is called the thermoelectric effect or Sekeleffect. Since the magnitude
of the effect is a function of the conductor used, two différeonductors connected
together at one end and exposed to the same temperaturergradi each produce a
voltage of different magnitude and opposed sign. The riesuftet potential difference
across this thermocouple will then be a function of the tenaijpee of the junction only.
The topic of temperature measurement from thermocouplesisire and extensive
literature is available regarding the subjects of probégtegalibration and compen-
sation which will not be treated here[105, 106]. In the measients presented here,
the signal from the thermocouple probes is read and commehsg commercially
available thermocouple readers. The instruments aveilatmsisted of a 16 channel
desktop unit (model SR636, Stanford Research Systems.y8aien CA, USA) and
a two channel handheld reader (model HH502, Omega EngmgeSitamford, CT,
USA).

4.4.2 Probes fabrication

When performing measurements in combustion systems, thpetature as deter-
mined from the voltage between the two thermocouple leatteisesult of a balance
between the different processes supplying and removingfioea the junction. These
include conduction and radiation losses, catalytic hgatinough surface reactions on
the probe material and convective heat transfer with theegagonment. A graph-
ical representation of the situation if presented in figufEl4 In order to be able to
calculate the gas temperature with reasonable accuraeytfre junction temperature,
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probe design generally aims to eliminate conduction andlygit effects. The heat
exchange problem then reduces to equating the radiatiessdoof the probe to the
heat transferred from the surrounding gas by convectioe.t&thniques implemented
in this thesis and presented here constitute the state @frthe thermocouple based
flame temperature measurements.

Junction
Leads Qconv Convection heat

transfer

V A
=S

Qcond Conduction losses
(leads)

QradRadiation losses

Figure 4.11: Schematic of a thermocouple illustrating tbatdbutions in the heat
transfer problem.

Several thermocouple metal pairs suitable for flame tentperaneasurements are
available commercially. All the thermocouples used in tiiesis were of R-type
(platinum - platinum/13% rhodium) or B-type (platinum/30%@dium- platinum/6%
rhodium), because of their high temperature stability amtespread availability in
various wire diameters. Such thermocouples can measutimgons temperatures up
to 1600C and 170€C respectively. Other metal pairs are available with charéstics
suitable for specific applications, the interested reagleferred to the literature [107].
The junction between the two leads can be soldered, weldsidhply twisted, as long
as good electrical contact is provided. However, the siz@junction determines the
spatial resolution of the measurement and must be able taistise high temperatures
of the flame front. For these reasons, all the thermocoupled bad a welded junction.

The thermocouples where acquired from Omega Engineermg(8tamford, CT,
USA). The R-type thermocouples are of the P13R model whieBHype are P30R
model and where all bought pre-welded with a spherical beadtion. The dimen-
sions of the leads and junctions of the different thermoteripsed are provided in
table 4.1. This table also includes the K-type general usartbhcouples (chromel-
alumel™) used to monitor the low-temperature regions obtlmaer, to detect the risk
of condensation. These thermocouple have a maximum médsuemperature of
125CC.

In the instances where the thermocouple junctions had to dided, either for
repair or to create new probe geometry, electric arc weldimgused. In this technique,
an electric arc generated by discharging a capacitor baokdd to melt some lead
material and form the junction. The arc can also simply bepced by short-circuiting
a DC power supply. The operation is delicate and must bezeghlinder a microscope
and using micro manipulators. The use of a carbon electrelges ito produce spherical
bead junction while an axial (or butt weld) junction withdgad can be produced by
placing the wires end-to-end with only a small gap. This wejdechnique can be
used on wire as small &9 ym [107].
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Probe # Type Junction type| Wire diameter| Junction Diameter
[mm] [mm]

0 R-adjacent Bead 0.125 0.195

1 B-opposed Bead 0.203 0.386

2 B-opposed Bead 0.203 0.365

3 B-opposed| Butt welded 0.203 0.230

4 B-opposed| Butt welded 0.203 0.280

5 R-adjacent Bead 0.125 0.192

Table 4.1: Characteristics of the thermocouples usedréefmting. The opposed type
probes are the Y-shaped design of figure 4.12(a) used to mzmitonduction losses.

Conduction losses

The classical approach to minimize conduction lossessstyrtusing lead wires as
small as possible. The platinum wires used for R and B typertbeouples are found
easily in diameter as low @001 and0.0005” (25.4 pm and12.7 um) but these are
so fragile that a strong breath will break them[107]. Theri@couples used here had
nominal diameters 0§.003, 0.005 and0.008 inch (76, 127 and203 pm), as can be
seenin table 4.1.

To further minimize the heat transfer out of the junction bpduction in the leads,
the wires are often arranged axially (opposed) out of thetjan and aligned perpen-
dicular to the temperature gradient. This is of course onlgsible in flat flames and
ensures that the wire immediately next to the junction dag®rperiences a temper-
ature gradient and therefore does not transfer heat. Sorties gfrobes used in this
thesis were constructed in a Y configuration to use this teclenand an example is
shown in figure 4.12a).

These probes have the disadvantage of being relatively laulé are impossible to
insert in our burner design through the extraction tubegoRition them in the burning
chamber, the burner had to be opened, the chamber windoveseeiand the sheathed
probe leads inserted unconnected in two separate eximaches from the inside. Once
the leads ends reached the outside of the burner, they wenected to the measuring
instrument and moved to control the junction location inéchamber. Simpler probes
with adjacent wires where also constructed, with limite@rapts made to minimize
conduction losses, such as the one presented in figure 4. TA@se could be inserted
directly in the1.2 mm inner diameter extraction tubes from the outside withhat
need to open the burning chamber. To build these probes, rthst fihermocouple
wires (76pm diameter) were first coated with a thin layer of liquid ceramihesive
(Cerambond 835M, Aremco, Valley Cottage, NY, USA) and theseited in a stainless
steel capillary (Unimed SA, Lausanne)®b mm outer diameter. At the probe tip, the
leads are insulated with a double bore ceramic tulie®mm outer diameter (Omega
Engineering) and glued to the metal capillaries with therec adhesive.

Catalytic heating

The conditions prevailing at the flame front can be hard ontlieemocouple probe
material, with very high temperatures and significant faaicals concentrations. The
noble metal pairs chosen above for the thermocouple miteriaure reasonable probe
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Figure 4.12: (a) Y-shaped (opposed leads) thermocoupleprsed to minimize con-
duction losses. (b) Compact probe with adjacent leads fhentitermocouple junction
to allow insertion through the extraction tubes.

lifetime and performance but their catalytic propertiehices another significant source
of error. All metal surfaces exhibit catalysis activity fatoms and radicals recombi-
nation reactions, liberating heat [107]. This activity arficularly strong for platinum
alloys, as demonstrated by its widespread use in catalyticarters.

The magnitude of the catalytic heating effect varies sigaiftly depending on the
type of flame. In rich premixed flames, the radical conceiutnas low and the tem-
perature increase can be as low as 60 K [108]. For premixéchgmetric and lean
flames however, the effect is much more pronounced and cah 650 K [108]. In
diffusion flames, the effect is relatively small and intrads errors on the order of one
or two hundreds degrees Kelvin [109, 104] between thermpleoand optical mea-
surements. Itis customary to coat the exposed thermocaupds and junction with a
non-catalytic material to eliminate this effect. Resuttsi both coated and uncoated
thermocouples will be presented in section 6.3, allowirgetaluation of the ampli-
tude of this effect in the present burner.

The first successful coatings developed for noble metahtbeouples is attributed
to Kaskan[110]. It consist of a thin film of quartz silica defted by immersing the
thermocouple in a flame where a small amount of silicone diLisier along with the
fuel, usually methane. The oil use is typically hexamettsjfloixane. When the strict
procedure is followed, the coating is only a few micronskhi to 4 ;m [111]) and
successfully shields the probe from radicals. Howeverdbating has been reported
as delicate [112]. Additionally, the presence of silicahie toating can be detrimental
[113] since silica is reduced by hydrogen at high tempeeatiihe resulting free sil-
icon can diffuses in the thermocouple material, causingréti@ment and calibration
change.

Another approach has been developed by Kent [113] to depazigting of rare
earth oxides (yttrium and beryllium). The procedure is oagain tedious but good
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results have been reported [113, 114]. This coating alsdat$ést of problems, while
satisfactory at atmospheric pressures, the temperatifte ihr low pressure flames
[114]. More problematic is the fact that the compound is nalbke over long periods
and that the beryllium oxide BeO is highly toxic, causingdymroblems and cancer
among other conditions [115].

Recent work on thermocouple based flame temperature measotehave advo-
cated the use of alumina-based ceramic adhesives as ity 116]. The proce-
dure is very simple and was be the only used in this thesiss&@ ppducts are available
commercially and the probes simply coated by dipping. Bpaisiumina based adhe-
sives and adjusting the viscosity with an appropriate thina suitable coating can be
achieved. The thickness of coating deposited on the prelsignificantly greater than
with the two previous methods, usually a few hundreds mierdnith proper charac-
terization this does not constitute a problem other thas tdsspatial resolution. The
adhesives used for coating in this work are from Aremco Catan (Valley Cottage,
NY, USA), products number 503, 671 and 835M. All of these alvdred in single
component liquids with different viscosities and rateddontinuous use up to650°C.
Pictures and dimensions of coated thermocouples are movidigure 4.13 and table
4.2.
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Figure 4.13: First row: (a) uncoated thermocouples proh#s epposed leads with
bead junction and (b) butt-welded junction. (c) Thermodeypobe with adjacent
leads. Second row is the same probes as the first row but codtederamic adhesive
to prevent catalytic effects. The background grid has 1 macisygy.

Probe # Type Junction type| Wire diameter| Junction Diameter
[mm] [mm]

0 R-adjacent Bead 0.793 0.530

1 B-opposed Bead 0.362 0.605

2 B-opposed Bead 0.375 0.520

3 B-opposed| Butt welded 0.394 0.526

4 B-opposed| Butt welded 0.322 0.424

5 R-adjacent Bead 0.206 0.570

Table 4.2: Characteristics of the thermocouples used, @dting with alumina based
adhesive.
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Radiation losses

The thermocouple, the burning gas mixture and the chambis eing at different
temperatures, they will exchange energy through electgoigc radiation. The trans-
fer will generally be away from the thermocouple and willukén a junction temper-
ature lower than the temperature of the surrounding gas. &ffect can be significant,
inducing errors up to 500 K [116] and must be quantified forii@ouple measure-
ments to be meaningful. Through comparison with opticalsneaments or numerical
models the accuracy of thermocouple measurements of flamgetatures has been
estimated to be withii0 — 20 K[107] when proper probe fabrication and radiation
correction are used.

The level of sophistication in the radiation correction aemy greatly and will
determine the precision of the thermocouple measureméietpiobe surface will ex-
change heatwith every surface it has a line of sight with dedlly, all of these surfaces
should be taken into account. Such an approach was takembetkil. with a probe
surrounded by 3 surfaces. They solved the four-body proliddiowing the method-
ology of the circuit equivalent analysis of Holman [117]. w&ver in the burner used
here, all of these surfaces are likely to have different rares distributions, emis-
sivities and specular propertiesThe problem is further complicated by the presence
of hot gas in the enclosure, with,® and CQ absorbing and radiating infrared radi-
ation significantly [117]. This explains the red glow obsshabove the thermocouple
(on the water rich side) when inserted in the flame zone.

To simplify the problem, two assumptions can be made alteelg at the ex-
pense of some accuracy in the radiation correction. Fistprobe can be assumed
to only emit radiation, neglecting the radiation it receaifom its surroundings. This
assumption is valid for a small radiating body in a large esate and will result in an
overestimation of the radiation correction and of the meastemperature. The alter-
native, which is used here, consists of assuming that théendrlosure is large and
behaves as a gray body with a single temperature. The megulkit heat flux between
the radiating body (the probe) and its surrounding is giverdpuation 4.1, where is
the net heat fluxA; the surface of the hotter body, its emissivity,oc = 5.669 x 1078
W/m? - T* the Stefan-Boltzmann constant aiig 7, the temperatures of the hotter
body and its colder enclosure, respectively. For resuksegnmted in section 6.3, the
temperature used was the measured temperature of theeswiifiacthe largest shape
factor with the prob&

gy = Avero (T{ - T3) (4.1)

Convective heat transfer

When the junction is inserted in the hot gas stream, heatbeilsupplied to it at a
rate limited by the properties of the flow. This rate must bevian in order to balance
the other exchange processes listed above. The fluid meshaihsuch problems is
complicated and therefore it is customary to use empirioaletations for the heat
transfer dependence on the flow conditions. The relevaneémsimnless numbers in
this situation are the Reynolds number, the Nusselt numhetitize Prandtl number,

1The radiation reflected by the quartz windows has both afigni specular and diffusive character.
Additionally, the transmission and absorption of the mat&annot be neglected.

2The shape factor between two surfaces is the fraction ofrikegg that leaves the first and reaches the
second[117].
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which are given in equation 4.3. The Reynolds number is ttie od the inertial and
viscous forces, illustrating the strength of the convettibhe Nusselt number relates
the magnitudes of the convective to the conductive heasfeaand the Prandtl number
is the ratio of the viscous to the thermal diffusion ratesthi@se expressioli is the
bulk velocity, D is the probe diameter, is the kinematic viscosity}),, is the thermal
diffusivity, h the convective heat transfer coefficient anthe coefficient of thermal
conductivity. The net convective heat flgx between the flow and the probe can then
be found using the convective heat transfer coefficienthas/s in equation 4.3, with
T.. the unknown temperature of the gas measured.

UD

Rep = — (4.2)
hD
Nu = =7
1%
P’I“ = D—th
Ge=h- Ay (T -T)) 4.3)

Empirical correlations are numerous for the low Reynoldmbers flow preva-
lent around the probe with the one developed by Kaskan [Tfb0pwing work by
McAdams [118] being used frequently. The correlation useit twas developed by
Holman [117] and is given in equation 4.4. It is valid in theyRelds number range
encountered in this worl0(4 > Re < 4) and accounts for the influence of the Prandtl
number.

Nu =0.989 - (Re)%330. pp1f3 (4.4)

4.4.3 Effective temperature

The probe fabrication technique used here minimized thelwction losses from the
probe and the catalytic effects on its surface. Accordingbth of these phenomena
were neglected. The determination of the effective gas ézaipre from the measured
temperature of the thermocouple junction then simplifiepdtancing the radiation
losses with the convective heat transfer to the probe. Wheatiang the net heat fluxes
by radiation and convection (equations 4.1 and 4.3) it isibds to solve fofl., the
unknown temperature of the gas surrounding the probe.

% (Too - T1) = €0 (T} - T) (4.5)

The parameters that need to be determined experimentaftyior the literature
are the temperature representative of the surroundihgthe probe diameteb and
the emissivity of the thermocouple coatiag The first two can easily be measured.
The temperature representative of the surroundings hasawdraged from the values
of the different chamber walls but plays only a small role e equations because
of its relatively small variation. The more important praiemeter was determined
precisely from optical microscope measurements (seesdhbleand 4.2).

The most critical parameter determining the accuracy ofrélaation correction
procedure is the emissivity of the thermocouple surfaceas Value can vary consid-
erably with temperature and it obviously has a huge effedherradiated heat flux.
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Both experimental results and theoretical predictionsaaedlable in the literature for
the emissivities of various materials with reasonable egent between the two. For
the uncoated thermocouples, the emissivity of pure platinias used since for the
platinum-rhodium alloys used here the difference in emitsis small [119]. Since
the effect of radiation is most important at high temperaamd to minimize the error
in determining the flame temperature, the emissivity usesl atsen for a relatively
high temperature of 1500 K. For this temperature repretieataf the region close to
the flame front, the emissivity of platinum found in the laarre was 0.29 [120, 121].

It was considerably harder to find reliable data for the emritgsof the ceramic
adhesives used to coat the thermocouples. Other resedrahesssumed a value of
e =0.8[112], corresponding to the emissivity of alumina {8k, the major constituent
of the Cerambond adhesive used) at ambient temperaturesevdg the emissivity
of alumina decreases significantly even for moderate teatyer increases [122], re-
sulting in overestimation of the radiation correction [L1Rata for high temperature
emissivity of alumina was found in the review paper of Whit§d23] and the value
used ofe = 0.38 corresponds to a temperature of 1500 K. This last referelsoecan-
tains data consistent with the valuec©f 0.16 - 0.20 used by Kim et al. [116] for
magnesia-based ceramic coatings.

The gas transport properties are also highly temperatyerttent, especially the
viscosity used to compute the Reynolds number in equatibn Phis dependence is
taken into account either through an iterative proceduseth®n the numerical tools
described in section 3.3 or by using Sutherland’s formutalie temperature depen-
dence of gases. This procedure was implemented to obtairetiudts presented in
section 6.3 of the burner characterization chapter.

4.5 Gas mixtures preparation

Before being supplied to the burner, the fuel and oxidannaixed with an inert gas
to achieve the necessary mixture strength and Lewis nunibeisserve instabilities.
When a set of reactants is diluted in a given inert gas theerafid ewis numbers
resulting from different dilution levels is very limited oFexample, between a mixture
of 80% O, in CO, and a mixture of 20% ©in CO, the Lewis number changes only
from 0.97 to 0.79. More importantly, changing the diluti@vel is not a convenient
way to control the Lewis number since is also changes theumgxdtrength The use
of different reactants or dilution gas allows other Lewisters to be investigated, but
again only in a narrow range. Additionally, G& a convenient dilution gas, especially
for hydrogen flames because it contributes significantligtat emission. It is therefore
desirable to have at least some of it in the inert gas mixtaeel u

To enable the generation of a wider range of Lewis humberssthetants were di-
luted in a mixture of two inert gases. G@ras always used as one of the dilution gases
to ensure that hydrogen flames emitted enough light to béyedetiectable. The gas
mixtures supplied to the burner were prepared using a seinawdss flow controllers
(model HFC 202.ow Flow, Teledyne-Hastings, Hampton, VA, USA), 3 for each of
the fuel and oxidant streams. The precision of these unit%isf the full scale and all
of were used in the 0-10 standard liters per minute (SLMPyearThe mixture com-

S|deally the mixture strength could be maintained while giag the dilution level. However, with the
counter-diffusing species injection technique used here very difficult in practice because the bound-
ary condition needs to be measured for each mixture comgogised. Maintaining the mixture strength
constant would require a lengthy iterative procedure taheetlesired effective boundary condition.
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position was controlled through a Labview application gsitata acquisition boards
(PCI-6025E and PCI- 6713, National Instruments, Austin, T8A) to interface with

the equipment. The calibration of the system for each gadwas made using a flow
calibrator (DryCal DC-2, Bios International CorporatioBytler, NJ, USA). The gas
mixtures are then fed to the burner through long lines to enlsamogeneous mixing.

Precise gas mixtures were also required to calibrate the sgectrometer for all
the species present in the various flames, enabling quirgitaeasurements of the
mixture composition inside the burner. The critical impmite of the accuracy of this
task is discussed in section 4.1 and the mass spectromelnyigeie used is described
in chapter 5. The instrument used required extensive edidr and because of a
strong mixture dependence of the response, a very largergrabreference mixtures
had to be measured. For all species except water the reéemeixtures were simply
generated using the setup described previously.

For water, it was necessary to develop a apparatus that eaplarize a precise
amount of water and mix it with a stream of the other gases. fifsteapproach con-
sisted of simply injecting liquid water in a heated gas stre@his proved ineffective as
water boiled in the supply tube resulting in a very irregtilaw (slug flow). Moreover,
the amount of water that could be vaporized was limited byt that could be stored
in the gas before it reached the auto-ignition temperatiteechydrogen-oxygen mix-
tures that needed to be calibrated. The resulting maximutarveancentration that
could be achieved in this way was about 5% by volume. This didalve required
multiple vaporization stages to reach the 30% water vappeebed in the flame.

In the approach developed to reach this water content, thedliis injected in
a porous ceramic wick, made from machinable insulationi{{§aZircar Ceramics,
Florida, NY, USA). This wick is heated from the outside by dlet heating element
shielded by a Pyrex tube, as shown in figure 4.14b). This edstonstant water vapor
production and allowed the system to generate mixtures avlfirary water content.
The other gases are heated before being inserted in the vederization chamber.
The whole mixture is supplied to the mass spectrometer giranother heated line, as
shown in figure 4.14a). The liquid water is supplied to the using a medical syringe
pusher (model B88801, Fisher Bioblock Scientific), whiclowlprecise pumping in
the ml/h range.
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Figure 4.14: (a) Water vaporisation scheme used to prodaldgation mixtures with
high water content. (1) Input gases heating line, (2) Wadpovization unit, (3) Syringe
pusher and (4) Mass spectrometer sampling point. (b) Glpsefthe heated ceramic
wick used to vaporize the water.






Chapter 5

Mixture composition
measurements

The reactant supply method described in section 4.1.1 @siat effective the compo-
sition of the mixture injected in the burning chamber wilt be knowa priori from the
gas streams prescribed at the flow controllers. The detatmamof the initial mixture
strength requires the measuremansitu of the mixture composition at the burning
chamber boundaries.

5.1 The choice of experimental technique

To measure the effective mixture composition it was firstassary to identify a suit-
able experimental technique. The field of analytical chémisrovides many instru-
mental means to obtain a quantitative measurement of thpasition of a gas sample.
The choice of a particular technique was guided by the falgwactors:

e Low perturbation of the flame. The sampling of the gas mixture must not
significantly affect the gas flows to the flame, which are ondider of5 - 10
SLPM.

 Precision. Should obviously be as good as possible, a few % efroer %)
would be acceptable.

» Repetition rate. Since the whole burning chamber will have to be scanned mul-
tiple times, one data point should be collected in a few n@gatt the most.

e Cost

The instruments commercially available from manufactnetended for this task
rely on various principles to extract information from tlzergple. Generally, the sample
is subjected to a stimulus and then a transducer capturessigpnse to be analyzed.
For gas mixture composition measurements, most instrismelyton electromagnetic
radiation (spectroscopy), electric and magnetic fieldssg@rspectrometry), separation
(chromatography) or a combination of these techniquesdbegthe sample.

Fourier transform infrared spectroscopy (FTIR) was itliti@onsidered because
of its wide availability and simplicity. The optical natuoé the instrument allows for

55
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stable performance over time and good linearity of the respaver the wide concen-
tration range to be investigated. However, due to the lowigdi®n of gas samples the
instrument requires long interaction length with the saamph the order of0 cm. This
implies the use of large sample volumes, on the orde@06fml for the most afford-
able models. The collection of such samples in the reactiea would either perturb
the flame or prevent the use of a decent repetition rate. Merepresence of a large
amount of water in the sample can prevent such instrumenitctibn normally since
water vapor has a broad absorbance range in the region gi¢glssm used. Since the
water produced by hydrogen combustion in the burner careeg@-40% by volume
at the flame, the option of using FTIR had to be rejected.

Gas chromatograph are often used for the type of low sampditeggas analysis
needed for this work. In this technique, the gas samplesnaerted in a flow of an
inert carrier gas and circulated through a long thin tubee different species present
in the sample will then be advected with the carrier gas dewint rates depending
on their weight. At the end of the tube a detector measure® smoperty, such as
thermal conductivity, of the flowing mixture to identify tléfferent species. However
the batch nature of this technique, limiting the achievaalepling rate, and the non-
specific nature of the detection made this technique urdaifar the needed real-time
monitoring of the mixture composition.

In a mass spectrometer, the sample is first ionized and tleéndividual molecules
composing it are separated (deflected) using an electricagnetic field. The ability
to measure very small ionic currents (picoAmperes) imghes a very small sampling
rate is required to obtain a usable signal. It is mainly basethis argument that the
choice of mass spectrometry was justified. A model using gagrate of0.2 ml/min
was selected (MKS Cirrus), ensuring that the probe couldi&eeg very close to the
flame or even inside it without inducing significant perturbas. A separation tech-
nique such as gas chromatography is often combined with apestrometry to form
hybrid systems (GC-MS in this case), with the associatetase in the performance
of the instrument mainly directed towards improved moleddentification. For the
task at hand, which is the identification of the proportioh&mown species in a gas
sample, a mass spectrometer alone was considered the ritalstesaption.

The burner configuration investigated here prevents theotisgde angle quartz
probes that aerodynamically quench the reactions and #flewneasurements of rad-
icals through a molecular-beam mass-spectrometry sysS#BMS). It is a widely
used technique in combustion research for its ability t@cdeboth stable and unsta-
ble species [124, 125, 126]. In our experiment, the sampméwgtdirectly collected
through a thin capillary, we expect the stable species auret#ons to be reliable where
the radical concentration is negligible, away from the ti@action zone. In the reac-
tion zone, the presence of atoms and free radicals can irefomes up tol 0% [94] in
the stable species concentration because of radicalalagicombination reaction oc-
curring as the sample is transported towards the mass spester. The introduction
of the small sink that constitutes the capillary in a concaian gradient unavoidably
induces perturbations. The reliability of the sample ci#ed compared to the con-
centration at the probe tip has been investigated in the[pa%], with the effect of
suction of the capillary resulting in the collected sampdinly representative of a lo-
cation slightly upstream of the probe tip. This offset hasrbmeasured to be up to 5
orifice diameters for some wide angle cone probes[128], arertypically 2 orifice

1The water can even reach 60% by volume when the inert mixtsee gontains a large proportion of
helium
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diameters[129, 130]. For the straight capillary used is thiperiment, we expect the
perturbation to be of the same magnitude or smaller and thplgzy system to deliver
representative samples of stable species immediatelypin &f the probe tip, which
has &.1 mm inner diameter.

5.2 Mass spectrometry based partial pressure analyzer

The instrument used for gas analysis is a compact quadroyass-spectrometer (QMS)
based residual gas analyzer (RGA) or partial pressure z2&a(i?PA). This type of in-
strument is used extensively for measuring the compostifayas samples in indus-
trial settings. Their low cost, ease of use and wide appiinatange has lead to their
widespread adoption in applications where qualitativa éasought, i.e. to assess the
integrity of vacuum systems [131], detect the presencemtecninants in semiconduc-
tor manufacturing [132, 133] or monitor chemical processedeviation from optimal
operating parameters [134, 135].

The response of PPAs for a particular mass-to-charge ratje)(is usually as-
sumed to be a linear function of the partial pressure of tieeisg with massn in the
sample, provided that there is no overlapping peaks. Thdityabf this assumption is
limited by the precision expected from the measurementsraurst be investigated to
ensure proper interpretation of the results. For the agjtins mentioned above, the
concentration of the species of interest varies only in aowarange in an otherwise
constant mixture. Accordingly, the assumption of lingaidt usually reasonable and
can yield results accurate within a few percent [134] at balkiwing proper calibra-
tion.

On the other hand, the use of PPAs to gather quantitative ositign data for ar-
bitrary mixtures of a given number of species is much morétdich While trivial to
interpret for qualitative analysis, the instrument resggomecessitates extensive calibra-
tion to yield useful quantitative results. The interprigtatof the data is complicated
by the numerous factors that can compromise the instrunregdrity when varying
mixture composition over a wide concentration range. s thesis, a custom calibra-
tion procedure is developed to account for the intrinsycatin-linear behavior of the
QMS response over a wide concentration range in a completurainf reactive gases,
drastically improving measurement precision.

5.3 The instrument working principles

The working principles of mass spectrometry are considgrabre complicated than
for techniques based on interaction of the sample with mlewgnetic radiation (spec-
troscopy). A mass spectrometer is made from three basis:umiion source, a mass
analyzer and a detector. A schematic representation isipesin figure 5.1. In order
to properly calibrate the instruments and interpret italtesit is essential to prop-
erly understand these basic units. The mass spectrometlu®ughout the current
investigation presented here is manufactured by MKS Ingtnts Inc.(Andover, Ma,
USA) . The Cirrus mass spectrometer is a bench-top unit gratoaly be controlled
remotely by a computer through an Ethernet connection. Aupof the instrument is
presented in figure 5.2(a). The assembly is built around advision plus IP Residual
Gas Analyzer (RGA). A view of the opened instrument idemtifyvarious components
is presented in figure 5.2(b).
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; Mass Filter

Molecules
e- current

Figure 5.1: Outline of the different components involvedtlie mass spectrometer
function.

Figure 5.2: (a) Picture of the MKS Cirrus RGA used in this thegb) View of the
opened instrument with: (1) the oven enclosure; (2) Bypass (3) the capillary inlet;
(4) high vacuum chamber housing the ion source and mass fi®mdetector and
associated electronics.

The sensitivity of the instrument is defined as the magnitfdée output signal
per unit of the quantity measured. For PPA, this quantithésefore expressed as the
ionic current detected per unit of pressure of the speciessuared. Accordingly, the
units used will either be Amperes per Pascals or Amperes fiidyars. The instrument
sensitivity is expected to be constant, producing a linesponse as a function of the
partial pressure, but in practice this is not the case. Ehéspecially significant over
the wide concentration ranges measured in this work. Vaniienomena can induces
non-linearities in each component of the instrument and-deioto achieve a suitable
calibration, these need to be understood. The calibratiategy will aim at estab-
lishing the instrument sensitivity separately for all Spe®f interest and as a function
of the factors that were found to be relevant (mixture contjgos operating parame-
ters). Because of limited access to the system interna&ss{aperating pressures, ion
currents) and for simplicity, the procedure described ictisa 5.4 calibrates the in-
strument as a whole without separating the different coraptsm The possible origin
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of these non-linearities of the mass-spectrometer will iseu$sed in the individual
components described in the following sections.

5.3.1 Sampling

The sample is collected through a fused silica capillaryctviban be heated to prevent
condensation and the resulting flow perturbations. The Bagmte is a function of
the diameter and length of the capillary used. For the repuéisented here, the capil-
lary diameter was 10pm and its length wa830 cm. The resulting flow rate removed
from the burning chamber was small enough to never inducereaisle perturbations
on the flame. This issue is further discussed in appendix Ae dpillary exits in a
vacuum chamber housing the RGA that is purged by a turbomlalepump backed
by a dry diaphragm pump. The diaphragm pump also serves aspadsypump for
the capillary aspiration and ensures a pressure suffigiéol at the entrance of the
high vacuum vessel. The whole vacuum chamber is housed inemto help water
vapor removal after startup (bake setting°C) and pumping efficiency throughout
normal operation (warm setting)°C). This arrangement is visible in figure 5.2(b)
and a detailed schematic representation is provided inregip@.

The sample collected is representative of the compositionediately in front of
the sampling point. Particular attention was taken to prigpeharacterize the flow
regimes present in the different components of the systeavaa@ mass separation
effects, or fractionation. A detailed analysis of the systesed is presented in ap-
pendix A. Readers interested in sampling issues in PPA agetdd to the exhaustive
review paper of Blessing et al.[136]. The very small sangpliate (.2 ml/min) re-
sults in the conditions throughout the capillary being laani(Re = 4.9) and subsonic
Ma =1.59x1073. From the estimated pressure distribution in the sampijstesn,the
intermolecular forces are important and the flow can be dened viscous. Therefore,
no mass separation effect is expected in the mixture. Théuwmance of such capillar-
ies operating in the viscous regime, given by equation Atlsésame for every species.
Accordingly, the composition in the bypass chamber is idahto the composition at
the sampling point since the flow is viscous in both the in@tikary and the bypass
line.

5.3.2 The ion source

In the MKS Cirrus, part of the sample is ionized in the ion seuhrough electron im-
pact ionization (EIl). Electron ionization is a common teicjue in mass spectrometry,
especially when dealing with gas samples with unknown dogaolecules. Electrons
are produced by heating a tungsten filament (thermionicsan}¥ and then acceler-
ated towards the sample by a static electric field. The samplecule or atom\/ is
ionized following relation 5.1.

M+e” — M* +2e” (5.1)

The proportions of sample molecules that will be ionized vaty greatly depend-
ing on many parameters and will be a great source of varighili the calibration
procedure. These include the specie nature (weight, deanstt.), its partial pressure,
the total pressure, the electron energy, the presenceafveapecies in the chamber,
the state of the filament (age, surface adsorption of cesjadties, etc.) and many
others to a lesser extent. For the particular model used treréon source comprises
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two tungsten filaments located close to each other. Thecpéatifilament used will
have an influence on the electrons trajectories and hendeedonization efficiency.
To ensure stable operation, ion source design has to actmypitysical phenomena
that can affect electron production.

As they are used, the filament lose material to evaporatidrs [6ss of surface
area means that the filament has to be operated at a higheerzome to supply the
same electron current. Although the emission current iglaggd automatically and
in real time to account for the variation in the filament perfance, the ionization
efficiency can vary significantly over the course of a measerg. In this paper, we
are mainly interested in the effect of mixture compositionEl efficiency. It has
been known for a long time that the presence of even a smallanod gas around a
thermionic cathode induces strong species-specific emnisdianges[137]. Over the
course of our experiments two time scales have been noticéukivariation of the
instrument performance: upon mixture composition chasgeje changes occurred
over the course of a few seconds or minutes, while otherslioaks to set it. Recent
experimental evidence [138] demonstrate that the natutbeofjas species present
in the vacuum chamber can also affect the work function ofttteemionic emitter
through diffusion in the filament material. The nature of #iems adsorbed on the
emitter surface is also believed to play a role. These phenanmply that even if
the ionization current is monitored and regulated, the gnef the electrons and the
focusing of the ions vary with the mixture composition. Thasiation in the ionization
efficiency of the source necessitates proper calibraticalltav the instrument to be
operated over a wide mixture composition range.

It has been shown that space charge effects can accountef@irtiost instanta-
neous change in instrument sensitivity when the mixturepsition is changed. The
space charge effects can change both the local potentia iimhization chamber and
the efficiency of ions focusing towards the mass filter [138),1141]. This effect de-
pends strongly on the geometry of the ion source and is thierdéfistrument specific.
It is however found to some extent in all commercial masstspa®ters [142]. Space
charge effects can also become significant when the abgmiessure in the vacuum
chamber is increased while the mixture composition remeamstant. This effect is
probably the most investigated mass spectrometer noniip¢s43, 142, 140, 134].
For the experiments presented here, the very small andasarietk rate into the vac-
uum chamber ensured that the pressure remained more oolestsuat, see appendix
A for details. The small measured pressure chahgeserved while the mixture com-
position was changed are attributed to the ionizing natéitbetotal pressure gauge
used (Penning gauge). Accordingly, the calibration preeskhere do not include the
effect of high pressure on the instrument sensitivity.

The introduction of reactive gases in the vacuum chambeseasaun addition to
the short timescale phenomena mentioned above, a slowirdtifte instrument re-
sponse. Oxidation and evaporation of material from the flanj144, 145] should
normally be compensated by the electronics regulating léetren emission. On the
other hand, the adsorption of molecule on the source swiezae have reversible ef-
fects on the order of 10% with timescales of hours [142, 184piing even brief
exposure to reactive gases. Over the course of weeks or sohthperation, ion
source and mass filter fouling can also induce significariatian in the instrument
sensitivity through the deposition of insulating films omdactors or conducting films

2The Cirrus model allows the monitoring of the vacuum changivessure in real time while the experi-
ments are conducted.
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on insulators [143, 142, 146], modifying the source optitkese long timescales ef-
fects collectively known as source fouling will be addrekbg the implementation of
a calibration transfer strategy [147, 146], described atisa 5.4.2.

5.3.3 The mass analyzer

To separate ions based on their mass-to-charge ratio, aupale arrangementis used.
The RF (radio frequency) oscillating electric field it pregs deflects the ions differ-
ently depending on their mass-to-charge ratig{). The quadrupole is designed in
such a way that for a given frequency only ions with a single ratio will reach
the detector. The variation of this frequency across a iceréenge generates a signal
reaching the detector that is representative of a suceessio/z ratios. The resulting
scan is the mass spectrum of the species present in the santy@emass filter used
in the Cirrus is able to filter ions having a mass from 2 to 20@ airhe transmission
efficiency of the quadrupole mass filter is known to be strgntdss dependent, up to a
factor 5 [142]. This effect will be addressed by the calilmaprocedure implemented
in section 5.4.2.

Some ambiguity may arise if two species present in the sahgve the same:/=
ratio, for instance carbon monoxide and molecular nitrogeass 28). The electron
impact ionization can also result in the fragmentation ofjéa molecules, producing
new species that can overlap with species of interest. @radables provided by the
manufacturer or found in the literature can be used to deterthe height of these
secondary peaks from the main ones to resolve the ambiditiie results presented
here the only instance where this was necessary was whenrimgasolecular oxygen
and methane simultaneously. The fragmentation gfupon ionization produces a
secondary peak of mass 16 (11% of the height of the main peak)gsponding to
atomic oxygen that must be subtracted from the methane pegt its true value.

All of the ions whosen/ - ratios are discarded by the mass filter end up their courses
on the quadrupole rods where they recombine with electMien measuring certain
species, especially large hydrocarbons, this can resalsinface fouling phenomenon
similar to the one described in the previous section. Bexatihe nature of the species
measured in this experiment, this effect is not expected imiportant. In any case, the
resulting long term sensitivity drift will be corrected byetcalibration transfer strategy
described in section 5.4.2.

5.3.4 The detectors

The sensitivity of the ion detector itself is also subjecwésiations over time. The
Cirrus instrument used here is equipped with two types odatets: A Faraday cup
and a secondary electron multiplier (SEM).The Faraday @ieator is the most stable
detector type, with the observed sensitivity changes faresmstruments as low as
10% over months of use [134]. The more sentitive SEM detdstoonsiderably less
stable, especially when new, with order-of-magnitudeatarns observed over the first
few weeks of use [142].

The SEM detector is significantly more sensitive that theaffay cup, allowing
detection levels in the low parts per millions (ppm) to hweds of parts per billion
(ppb) for the type of instrument used. However, the mostieasletectors are usu-
ally the most non-linear [134]. Consequently, for all of theasurements presented
here, only the Faraday cup detector was used because ppatiatetevels were not
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required. This simplified the calibration by removing théedtor voltage as a parame-
ter and was more than enough for the parts per thousand ipreeigpected from these
measurements.

5.3.5 Control software

To interface with the RGA, MKS supplies a software nanf®edcess EyeThis soft-
ware isrecipe-basegwhich means that the instrument is not controlled direloylyhe
user but rather through a file (the recipe) containing a setstfuctions. The language
used is Visual Basic for applications (VBA) but the user iscdiuraged edit or even
look at the code and directed to teeftware wizardfor the creation of the recipes.
This interface only allows the creation of very basic tagkstifie instrument, such as
measuring specific ranges of masses for a given time intanglperforming basic
data treatment. Thwizardthen writes the code for the recipe and that’s it as far as the
average user is concerned. When the instrument is staneedpftware reads the sup-
plied recipe file and follows the instructions supplied #ier The wizard only allows
the measured data to be provided graphically to the usewersa a proprietary file
format and is always in units of pressure. The user softwaes ehot provide means
to access, let alone control, the instrument operatingnpeters such as the measured
currents.

The implementation of the more complex tasks expected sfitistrument in the
research context in which it is used was a monumental taskinsance, the calibra-
tion of the instrument described in the next section caltgtie relationship between
the input (the partial pressure of a specific species) andulgut (the measured cur-
rent) to be established. Thezard was completely useless for this task since it does
not even allow the knowledge of the measured current, it jked to the user al-
ready converted to a partial pressure, with the intermeditgps unspecified. All of
the recipes used were therefore coded by hand and sinceghis it expected to be
able to write de code, documentation was very scarce.

The software reference supplied with the product contaihsioformation on how
to use thewizard which, needless to say, is a disappointment. The most udetul-
mentation obtained from the manufacturer is a scriptabjeavleference. It lists the
name of the software object used to control the instrumeninputs and its outputs.
Unfortunately, it only lists the names of the object, noiit@thorized values nor their
description. A lot of trial and error was therefore invohiadyetting anything to work
at all. A more exhaustive reference intended for applicetibevelopers using this soft-
ware was later acquired: the software development kit (Si2Erence manual for the
Process Eysoftware. It included a more detailed reference of somedctiptable ob-
jects but proved of limited use for the understanding of tiserument control, behavior
and responses.

In the end, the use of software and the instrument in geneaalavhorrible ex-
perience. The writing of recipe files was a tedious task amessitated endless trial
and errors to achieve the desired outcome. Over 15’000 bhesde where written
throughout this project only to achieve the calibration lué instrument, a task that
easily swallowed the equivalent of six months of full-timenk. The technical sup-
port staff at MKS was usually very friendly and helpful to emes specific questions,
once they were identified. However, most of the time theimams to more general
guestions were that they don’t know because the instrunmehsaftware were simply
never intended for such tasks. The software is only aimedoafiging a clueless user
the ability to monitor small changes from a reference staterixture containing only
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trace amounts of one specie of interest. Everything elsedkarted territories and had
to be characterized for this specific instrument. | will eng rant now, | just wanted
to point out that | hate this machine and especially its aisvftware.

5.4 Mass spectrometer calibration

The issue faced when wanting to use a atmospheric pressutesRéh as the MKS
Cirrus to perform quantitative mixture composition is origgorpose. The instrument
is intended to measure small variation in species themsglkesent in a small quan-
tity diluted in a more or less constant gas matrix (hence #maeresidua). In these
conditions, it is reasonable to expect the instrument respto be a linear function of
the amount of the species of interest present. To calibhatéstrument, one mixture
close what is typically encountered in practice and coirgiall the species of interest
should be sufficient. In the current work, the mixtures emtered have a wide con-
centration range, i.e. the composition of the gas matrikessubject of interest. As a
result, significant non-linearities arise in different fsaof the instrument (ion source,
mass filter, detector) and need to be calibrated extensielthe following sections
will be discussed first the calibration procedures supdigthe instrument manufac-
turer and then the one implemented to account for the obdeme-linearities.

5.4.1 Built-in procedure

The calibration procedure built-in the MKS mass spectremgtoved very disappoint-
ing, to the point that the results initially gathered weresable for their intended pur-
pose. As it is delivered, the only available calibrationgadure implemented involves
determining the instrument sensitivity by measuring a lsimgference sample. The
user has to supply the molecular mass of one of the specissriri& the sample and
its partial pressure. The software then simply divides tleasared signal by the sup-
plied partial pressure to obtain a calibration factor, irpanes per unit of pressure (the
millibar or the Pascal were used here). This calibratiotofiais the instrument sensi-
tivity for the specific species used in the calibration unther conditions prevalent at
the time. Thissinglecalibration factor was then used by the software to caleutla
partial pressure aéveryspecies undegveryconditions. As it is delivered, the instru-
ment is therefore assumed to have a constant sensitivityflasction of the analyzed
mass and a linear response over its dynamic range.

Tillford [134] noted in his paper on the limiting factors ihg use of RGA for
process monitoring, that users and some manufacturermadsiat the same relative
sensitivities used in ionization gages can be used for RGA®wvever, this shortcut
fails to account for the mass dependence of the differerdt@aents of the RGA sys-
tem listed in sections 5.3.1 to 5.3.4. For instance, in thime paper, the mass filter
transmission dependence on the mass of the ions measurggestthe RGA sensitiv-
ities by a factor 5 to ten compared to the ionization gagestivel sensitivities. The
shortcomings of these simplistic assumptions soon progmifisant when measuring
the mixtures encountered in this experiment.

When analyzing initial measurements made using the ingntiroalibrated fol-
lowing the built-in procedure, outrageous errors wereasatiif the measured mixture
deviated from the one used for the calibration. Moreover sinsitivities for different
species measured in pure samples is drastically diffengtiit,one order of magnitude
between the sensitivity of hydrogen and that ofCBurther investigations revealed a
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strong variation of the instrument sensitivity as a functd the mixture content being
analyzed. For instance, the sensitivity of the instrumeriytdrogen doubles between
a mixture containing only trace amounts of the gas in an argatrix and an even
mixture of the two gases. When concentration profiles arertakong the burner lon-
gitudinal axis, the fuel concentration varies from typigdl5 — 30% to trace amounts
and errors in excess af)0% can result from the use of a constant calibration factor.
The effect was a little less pronounced for oxygen, and asa®abou0% for CO,.
Nevertheless the cumulative effect on the measuremeneahtkture strength, which
is the main task that the instrument is intended for, is mafishort of catastrophic.

From that point, it was clear that this specific mass speatenwould be useless
in this experiment without the implementation of an exteasialibration procedure.
This will make the instrument more versatile, allowing toligyond the assumption of
linear response. Although simplistic, this assumptioreigamtheless valid for the actual
purpose this instrument is designed for. That is the on#ioaitoring and analysis of
gas mixtures including trace contaminants in process gases

5.4.2 Calibration over a wide concentration range

The objective of the calibration procedure implementectligtto capture the instru-
ment response for each species of interest as a functioredaffbrating parameters
and the mixture composition in which the measurements ardwdged. This is done
through the measurement of numerous reference mixturdfefelit compositions, re-
ferred to as théraining set The result is multidimensional mapping of the instrument
sensitivity, with the number of dimensions equal to the namdf gases in the mix-
ture minus on& One of these maps has to be generated for each speciesresinte
and each set of operating parameters of the instrument. aifaeneters that should be
considered include the ionization current, the extragbiotential, the filter voltage and
the detector gain. For the sake of simplicity, after theroptioperating conditions had
been found, all of the instruments settings were kept cohsta

Since the extent and nature of the non-linearities in thearse of QMSs is poorly
documented and instrument specific, it was difficult to defiae optimized training
set beforehand. Therefore, the initial treatment of théjem involved a large amount
of different mixtures spread over the entire concentrasipace of interest. Efforts to
reduce the training set to a minimum required by the natutkeinstrument response
can then be made for further calibrations. An experimertalip had to be constructed
that could provide a wide range of reference mixtures of feetes of interest, which is
presented in section 4.5. For the &@iluted H,-O, flames studied, the concentration
space of interest is 0-100% for G(D-75% for Q and 0-50% for H, H,O.

Calibration transfer

The term calibration transfer applies to methods aimingstatdishing the current be-
havior of an instrument through a limited number of measwis) referred to as the
transfer setby transferring the knowledge of the instrument behavaned using an

extensive training set[148, 147, 146]. For the procedupemented here, correction
factors are determined for each species of interest by congpthe measured sen-
sitivities from similar mixtures in the transfer and inltimaining set. It is assumed

30ne dimension can be removed because we assumed that allgasent in the sample are measured.
This allows the total of all the measured mole fractions teéteto 1 and an arbitrary species concentration
to be considered a dependent variable.
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that these effects while affecting eaetiz ratios differently, hence the species specific
correction factors, do not affect the interactions betwtbenspecies. The sensitivity
maps themselves are therefore retained from the initiaitrg set and the correction
simply applied as an offset. This account for the variationsistrument sensitivity
that occurred since the initial calibration. Experimem&dults on two and three gas
mixtures confirm that this assumption is reasonable becatissugh the height of re-
sponse surface changes over the course of weeks, its shmpmsaunchanged. This
temporal drift in the instrument response is present in &SJnstruments and be-
comes significant over the course of days to weeks, depemdirtge nature of the
mixtures measured.

In the present experiment, the transfer set was simply tbeisp of interest either
pure (for CQ) or at the upper bound of their calibrated range (75% fgr3D% for H,
and H,O) diluted in CQ. This allowed the calibration of the instrument to be refiexs
daily from the measurement of only four simple mixtures.

Binary mixtures

The response of the instrument was first measured when ekposerious binary
mixtures of the species of interest diluted in a inert gaggofirwas chosen since it is
very stable and extensive literature for the mass spectramneeasurement s available
on this species. The variation of the instrument sensjtiuit Amperes per Pascéls
presented in figure 5.3 for the first three species of inti¢st O, and CQ). Since
some of these measurements series were taken on diffegenttda calibration trans-
fer strategy described above has been implemented to nfectensitivities of pure
samples.
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Figure 5.3: Mass spectrometer sensitivity in binary migtuof H, (2), O (), CO,
(O) in Ar. a) Effect of the addition of the other gases on the ity of argon. b)
Sensitivity of H;, O, and CQ as a function of their volume fraction.

It can be seen from the results presented in figure 5.3(a)hbgiresence of hy-
drogen in the sample increases the sensitivity of the imgnt for argon while oxygen

4In the determination of the instrument sensitivities, theaspheric pressure is used as the reference
state. This implies that the pressure drop in the samplipdlagy is included in the calibration factor. The
measured non-linearities are therefore the sum of theibatibns of each component in the system, from
the gas molecules sampled to the electrons counted at the @tld. The interested reader is referred to
appendix A for an analysis of the sampling and ionizatiort pathe system.
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decreases it. COhas a small positive effect on the sensitivity, but less pumted
that for the two other species. To understand this phenopieshould be noticed
from figure 5.3(b) that the magnitude of the sensitivitieffeds significantly between
the species. For instance, the sensitivity of the instrureelydrogen is about 5 times
smaller than for argon. Therefore, as the argon is replagdg/trogen in the sample,
the charge density in the ionization chamber and mass fiteredses. This hints to-
wards space charge effects being one of the causes of thevetiseixture dependence
of the instrument sensitivity. The effect of water, the tbuspecies of interest, is shown
in figure 5.4. As water added in a G@ample, it can be seen that the sensitivity of both
the H,O and the CQ decreases. The phenomenon is similar in nature and magnitud
to what was previously observed in.@nd mixtures of argon.
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Figure 5.4: Mass spectrometer sensitivity variation inghesence of a variable amount
of H,O (®) in a CG; (O) matrix.

The presence of £ H,O and to some extent GOn a sample is known to induce
oxidation and adsorption on the surface of the instrumepbsed to these reactive
gases. This results in changes in the properties of thef&cssrintervening over the
course of minutes to hours. When the exposure to the reafes ended, these gases
desorb from the surface which recovers some if not all ofiitsail properties. To study
this effect, the composition of a binary mixture of argon amglgen was changed sev-
eral times over the course of a 6 hours period, the resultprasented in figure 5.5.
This experiment revealed that after initial exposure togery, the system takes close
to one hour to stabilize within 10% of its final sensitivityhd addition of 10% @re-
sulted in a 20% decrease of the instrument sensitivity torar§ubsequent changes in
the oxygen content of the mixture seemed to be equilibrajadilrated slightly faster.
These timescales had to be considered when conducting reessut over large oxy-
gen concentration ranges. The sudden drops and recovenpttinspecies sensitivity
noticed betweer? and3 hours are of unknown origin and have been observed spo-
radically. The global effect of these variation suggest thay are perhaps caused by
partial and temporary blockage of the sampling system. éretlent that such a varia-
tion were to become permanent, the calibration transferquiore described in section
5.4.2 ensures that the instrument response is updatecefridgu
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Mixtures of three and four gases

In the simplest experiments presented in this thesis, thdeunof species presentin the
burning chamber is four and include both reactants, a simglduct and the inert. To
properly characterize the mass spectrometer in this thiireensional parameter space,
a large number of reference mixtures evenly distributedhéregion of interest were
generated. For the measurements of concentration prafilggdrogen-oxygen flames
diluted in CQ, the ranges of interest abe50% for Hy, 0-50% for HyO, 0-75% for O,
and0-100% for CO,. For obvious reasons, an automated mixture generatiop s&isi
developed and is described in section 4.5. Mapping the thetysof the instrument in
three gas mixtures (without water) using reference composition sampled abs0t
minutes each took a little over a day of measurements. An phkaaf the sensitivity
dependence in such a three gas mixture is presented in figure 5

The addition of the fourth species to the mixture requirezl dievelopment of a
precise water vaporization unit, described in section@ddupply a controlled flow rate
of water vapor to a heated mixture of the other three gases.tfiflee gas procedure
described above was then repeated 4 times with a differentiatrof water vapor
to cover the range of interest for this species. This four gdibration procedure
required an extensive amount of time to be completed. Adoglyl to reduce the
influence of the long term drift of the instrument on the aacyrof the calibration, the
number of mixtures measured for each water concentratiandeareased t86 and
the measurement time &%) minutes. With these measures it was possible to complete
the whole four-gas calibration in just und& hours. To ensure that the instrument
long term drift did not induce a bias in the measurementsra sample of one of the
species of interest was measured at regular intervals ipriheedure to monitor the
evolution of the absolute sensitivity. Unfortunately, thevice available to supply the
liquid water to the apparatus (a medical syringe pushenired human intervention
throughout this lengthy calibration process. It was nesgsi change the syringe
about every hour and manually set the flow rate, preventiagrplementation of a
truly automated procedure.
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Extension to more complex mixtures

To produce the wide ranges Lewis numbers necessary for thle prvesented here, a
second inert must be added to the mixture. This means thaitienum number of
species present in the burner climbs to five. From practmasiclerations it is evident
that the calibration procedure described previously cabroextended in its current
form from four to five species. The time required to map sucbrapgex parameter
space implies that the state of the instrument cannot beresboonstant throughout
the procedure. Accounting for this drift effect would adatrer level of complication
to a process that does not need it.

The extension of the method to more complex gas mixturegtbier requires the
use of a certain number of simplifying assumptions. The &stsolution would be to
construct a multi-dimensional mapping of the instrumemnsg&/ity from elementary
knowledge gained in simple mixtures. Using the results flanary mixtures it is
possible to quantify the effect that the concentration afamggas has on the sensitivity
of other gases. This approach was tested on the three gasresixiresented in figure
5.6. However, no trick was found to account for the differefiect of one gas on
another as a function of the concentration of a third. It iseved that the interactions
between the species are too important for such a simple apjpto be effective.

One simplification can be found by exploiting the limit of imfiely fast combustion
which specifies that the advected reactant should be corsentieely at the flame. In
the absence of leakage both reactants should thereforelrepeesent simultaneously
in any great amount at the same location in the burner. Eaattaet can then be
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calibrated separately with the two inerts using the thresspgacedure described previ-
ously. The effect of the product, water in this case, can ladt déth in the same fashion
as previously, resulting in a mere doubling of the lengthhef talibration procedure
from the four to the five gas scenario. Further simplificat®possible by considering
the effect of water as a multiplying factor applied on top leé three gas sensitivity
maps available for each domain of the burner. The effect ®fwthter concentration
on the sensitivity of other gases can be derived from graptis as the one presented
for CO, in figure 5.4. This requires the assumption that the relaffect of H,O on
the instrument sensitivity is the same for every speciegkvhias measured to be rea-
sonable for the LIO range investigated here. The choice of the dataset to uskeo
mixture analysis will then be dictated by which of the reat$as present in the largest
amount. The sensitivity of the scarce reactant was estirfeden the other dataset by
taking into account the general effect of the abundant aedcoin other species.

The choice of the second inert to use in the five gas mixturefe@ssed on find-
ing an inert as light as possible, since it will result in regt.ewis number for the
reactants. These high Lewis numbers are required to pradixteres where the dom-
inant thermal-diffusive instability mode close to extiloctis intensity pulsations. This
requirement made the choice of Helium natural. Unfortugatee use of this gas
complicates the calibration procedure since its very hagtiziation energy results in
extremely low ionization efficiency and sensitivity. Fofeeence, the typical sensi-
tivity of helium measured here 520 that of CG,. The heavy inert used was only
chosen sufficiently different from helium to ensure that thege of Lewis numbers
produced was sufficiently wide to conduct meaningful experits. Even if CQ is
used in most of the combustion experiments, argon was alestigated because it is
of similar weight but is known to be much more simple to measumass spectrom-
eter systems. Examples of three gas sensitivity maps forthetfuel and the oxidant
sides of the burner are presented in figure 5.7 and 5.8, riagggc

The use of helium and argon as the inert mixtures illustritesffect of a large
change in the mean proprieties of the mixture on the instrrsensitivity. The most
important of these properties appear to be the mass andshfiization energy. The
graphs of figure 5.7(a) and 5.7(b) show a factor two chandedsénsitivity of H and
helium as a function of mixture composition. The lowest #esities are associated
with the highest concentrations of argon in the mixture. Galération of the oxidant
side presented in figure 5.8 yield similar results for &d helium. A comparison
between the two sides reveals that the sensitivity of argems to be more affected
by the presence of {xhat that of H.

5.4.3 Results and discussion

The effectiveness of the calibration method implemented assessed regularly by
measuring reference mixtures of known composition. At tbgitning of each day of
measurement, a reductdnsfer setof mixtures was analyzed to perform the calibra-
tion transfer. Following this adjustment, a few other refere mixtures representative
of the experiment being conducted at the time were measdit@d.provides an esti-
mation of the error associated with the current measuresn@éht results gathered fol-
lowing this calibration update and verification routine otree course o months are
presented in figure 5.9. These results include the errouatiah for H,, O,, helium
and CQ. The measurement of reference samples containing water ggmerally
yielded an error of about 5% ford®. The verification of measurements of the sam-
ples with a water content was carried out less often thaterother species because
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Figure 5.9: Evaluation of the mass spectrometer measutesgner after the imple-
mentation of the five gas calibration.

of the long startup times associated with the vaporizatppasgatus.

To determine the effectiveness and usefulness of the caroplibration procedure
implemented here, the measurements were also analyzeglaisionstant sensitivity.
This average was determined from the available sensitidaps of each species and
yields results that should be expected from a simplistic@ggh neglecting the mixture
dependences of the instrument response. In the resultstedgdo figure 5.10 using
this rudimentary calibration the maximum errors are clasexaeedin@0% for every
species. Achieving these relatively poor results stilluiegs the implementation of a
substantial calibration procedure to improve on the pertorce of the instrument as
it is delivered from the manufacturer. Following the defamixture analysis approach
and using a single sensitivity for all species would cefyeivave resulted in far worst
results.

Comparatively, the results calibrated using the exterfdieegas calibration pre-
sented here have a maximum relative deviation of 10% withaesto the reference
mixtures measured. Ovén0 such measurements were made and the typical errors
associated with the oxidant volume fraction has been loha&tr$%. This value is of
special significance since when the fuel is advected to theeflanly the oxidant con-
centration at the counter-diffusing injection is requiteddefine the mixture strength
prevalent in the burner. The uncertainty gras measured by mass spectrometry is
therefore believed to be on the order of 5% for the resultsegried in this thesis.
More generally, the implementation of the extensive catibn procedure described in
this section has allowed the error associated with the npestrometry measurements
to be divided by at least a factor three.
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Figure 5.10: Evaluation of the mass spectrometer measuteamer with rudimentary
calibration, overlooking the mixture dependence of thérimaent sensitivity but still
considering its species specificity.



Chapter 6

Burner characterization

For the comparison between this experiment and the theatetiodels to be of any
significance, the burner and the flame it produces must firshbeacterized. The set
of measurements presented in this chapter include dataeowelbcity, species and
temperature distributions over the burning chamber widith length. The injection
layer immediately next to the counter-diffusing speciegpby needles was investi-
gated to ensure that it did not induce perturbations on timeeflaThe resulting flame
shape was also measured along with its parasitic curvahdéhe parameter result-
ing in hydrodynamic instabilities (Rayleigh-Bénard cention cells). To assess how
well this experimental realization approaches the idedlane-dimensional theoretical
configuration, the flame position and the longitudinal speconcentration profiles are
compared to the theoretical relationships obtained fragrstmplified theory.

The burner used here is very versatile, allowing controlrawany parameters
defining the diffusion flame generated. The bulk flow, redctamcentration at each
end of the chamber as well as the nature and concentratibe ofért gas mixture used
can all be controlled independently. For the sake of sintglionly a small number of
stable flames configurations were used for the different oreasents made to char-
acterize the burners. The main operating parameters usétefe flames are given if
table 6.1. For all of these, hydrogen was used as the fued siecmass spectrometer
calibration was develop specifically forbHD, flames. For simplicity considerations,
the fuel was always the advected species in this chaptezpekar specific measure-
ments regarding flame position.

Config. Burner Advected mixture Inert | Diffusing mixture
Fuel F.R. U Oxidant | F.R.
[%H-] [SLPM] [mm/s] [9%02] [SLPM]
Flame #1 I 30 2.25 17.7 | CO, 100 3.0
Flame #2 Il 35 7.0 194 | COy 100 8.0
Flame #3 Il 35 7.5 20.8 | CO, 90 7.0
Flame #4 Il 35 8.5 23.6 | CO, 90 7.0

Table 6.1: Parameters used to generate the stable flamefousenner characteriza-
tion.

73



74 CHAPTER 6. BURNER CHARACTERIZATION

6.1 Flame shape

The shape of the stable flames produced in the Mark | and |eisquted in figure 6.1a)
and b), respectively. The photographic technique destiilbsection 4.2.1 was used
to capture these images. The red lines drawn on top of the $laepeesent the flame
sheet location as determined by the position of the maximisible light emission.
The observed light is emitted through two distinct mechasis First and foremost,
flames are chemiluminescent [107] with a peak of luminositthie primary reaction
zone. Chemical reactions radiating discrete lines or bahffequencies in the visible
part of the spectrum are numerous for carbon containing fursdl involve species such
as G and CH. For the hydrogen flames studied here the emissioe sfbcies excited
in the reaction zone (OHand H,0) fall in the ultraviolet part of the spectrum. As a
result, H-O- flames emit very little visible light and are essentiallyigilile to the
naked eye. The second source of light is the blackbody iiadiatnitted by the heated
gas molecules and solid particles in the flow, the frequeriaytoch increases with
temperature. The temperature range ¢f®), flames results in the blackbody radiation
emitted falling mostly in the infrared range. Moreover,efrse of carbon soot implies
that it only emanates from the gas molecules, making it vaint f

10 mm

Figure 6.1: Flame shape observed in the burners using typpeaating conditions,
with the fuel advected. (a) Mark | burner, (flame #1) bulk wityp U = 17.7 mm/s.
(b) Mark Il burner, bulk velocityyU' = 20.8 mm/s (flame #3), with the white arrows
indicating the position of the inner quartz cylinder. Thd liees represent the location
of the maximum light emission, associated with flame locatio

The choice of the inert used for the dilution of the reactasesd in this thesis was
guided to increase the luminosity of the reaction zone. Thesgnce of CQallowed
the flames to be visible to the naked eye and conventionabghaphic equipment
to be sufficiently sensitive to measure them. When used ifjuoction with helium
for the dilution, at least% to 10% of CO, in the mixture was necessary to yield a
visible flame. The use of noble gases only would have beenetient since they
are significantly less complicated to measure with the mpsstsometer than CO
However, dilution with only He produced entirely invisitflames and the tests made
using argon (either alone or in conjunction with He) redlilite very dim greenish
flames impossible to capture with the available equipment.

The enhanced luminosity of the reaction zone in the preseh€@O, results in
low-level continuum radiation in the blue region of the gpaa [107]. The continuous
nature of this radiation is in contrast to the line or bandssioin of chemiluminescence
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which takes its origin in electronic transitions betweeramfized states in an atom
or molecules. The continuous emission of £@bserved in the KO, flame used
here is believed to take its origin in the excitation or i@iian and recombination
of the molecule in the reaction zone [149]. Water vapor i® &sown emit in the
same way [47, 150], but apparently not sufficiently to allobservation in H-O,
flames without C@. The intensity of the visible light emission is thereforasimered
a reliable indicator of the position of the flame front [107].

An example of the measure light emission profiles acrossahnadfisheet, extracted
from figure 6.1b), is presented in figure 6.2. As expectedptbhe component is the
strongest and was used preferentially to determine the fgsigon. When this chan-
nel was found saturated in certain images, the green anadredanents of the profiles
were used alternatively. The width of the light emittingiceg measured as the full
width at the half of the peak height, (Full Width Half MaximufWHM) was found
to be2.83 mm for the typical stable flame encountered in the Mark Il leuand pre-
sented in figure 6.1b). The measured light results from tine leanission of C@ men-
tioned above which peaks in the reaction zone and extendiiaduilibration region
downstream [107], explaining the relatively thick lumisolayer. Accordingly, the
light emission profile is not indicative of the reaction zdghiekness but its maximum
intensity can be used to identify its location.

Light intensity [arb. units]

0 2 4 6 8 10
Position below injection array [mm]

Figure 6.2: Profile of the flame visible light emission for lkead the three channels of
the RGB image, extracted from the flame presented in figuite) 6 The width of the
light emitting zone (FWHM) i2.83 mm.

6.1.1 Flame parasitic curvature

The great care taken to minimize thermal and flow inhomodiersen the burner re-
sulted in the very flat flames presented in figure 6.1. The flametsfound from the
location of maximum light emission and illustrated with tieel lines of figure 6.1 nev-
ertheless exhibit parasitic curvature. This quantity wassured because it plays a role
in the residual stretch experienced by the flame. The and¥esled the vector normal
to the flame sheet and the vertical axis is presented in fig@r®bboth the Mark | and
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the Mark Il version of the burner. This data is extracted friomth pictures of figure
6.1 plus another flame (#4) with slightly faster bulk flow irthlark Il burner.

Normal vector angle [arcminute]

0 0.2 04 0.6 0.8 1
Dimensionless Lateral position [ ]

Figure 6.3: Angle of the vector normal to the flame sheet fpidgl conditions, in
minutes or arc. In red for the Mark | version of the burner (#a#i1—, 30% H. in
COy, 100% G andU = 17.7 mm/s), in green and blue for the Mark Il version- ¢
flame #3:U = 20.8 mm/s,30% Hs in COy, 100% Q, — - —flame #4:U = 23.6 mm/s).

The data presented in figure 6.3 confirm that the flame is exdseifat in the central
portion of the burner. The small parasitic curvature resialthe vector normal to the
flame sheet pointing away from the vertical by less th#® of a minute of arc. In
this figure, the solid line is from a flame in the Mark | burneriletthe two dashed
lines are from two distinct flames in the Mark Il burner. Algotpre is the location of
the inner quartz cylinder, described in section 4.1.2 armd ts isolate the most stable
central part of the burner. From this figure it can be seentti@significant curvature
is effectively kept outside the cylinder, with an almostfpetly flat flame on the inside.
Part of the small variations observed in the central flaméénMark Il burner results
from reflections on the inner cylinder causing slight eriarghe optical determination
of the flame location. These are small enough to induce ontymail errors in the
determination of the flame stretch.

6.1.2 Formation of convection cells

The location of the hot layer that constitutes the flame betmcolder injection array
brings the question of the stability of this temperaturatgication to hydrodynamic
disturbances. The stability of a fluid layer sandwiched leenwvdifferentially heated
boundaries is one of the classical problems of fluid meclsgpimneered by the work
of Lord Rayleigh and Henri Bénard. They showed that if a disienless number
accounting for the effects of buoyancy, viscosity, momentliffusivity and thermal
diffusivity is high enough, the steady-state conductiordmdecomes unstable and
convection cells develop. This dimensionless number shoveiquation 6.1 is called
the Rayleigh numbeRa and the critical value at the onset of the instabilitydie..
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B
Ra = %ﬁh (T) - Ty) d* = GrPr (6.1)

In this expressiory is the gravity acceleratioi§ the thermal expansion coefficient,
v the kinematic viscosity anf),;, the thermal diffusivity. The temperature difference is
between the hot and cold boundaries, kept at temperdfurasdTs, respectively. The
last parameter is the separation between the two boundamésch has a strong influ-
ence and is included to the third power. The Rayleigh numaeiatso be expressed by
the product of two other dimensionless numbers: the Grastwiber and the Prandtl
number. The Grashof number is the ratio of buoyancy and viséorces while the
Prandtl number accounts for the balance between thermahantentum diffusivities.
Treatments of this problem in the literature abound, theregted reader is referred to
the classical book of Chandrasekhar [151] and the recergwenf Bodenschatz et al.
[152]. Variations on the classical configuration are alse#tigated with the introduc-
tion of complications such as a Poiseuille flow parallel ® bloundaries [153].

In the burner, the problem is further complicated by the Iflolk going through the
system perpendicularto the temperature gradient. Additionally, the two bouiekar
need to be considered free because the flow is not restragteeen the needles. This
uncommon configuration has received little attention frévoteticians and experi-
mentalists. A similar configuration exists industriallytire porous media of fluidized
bed reactors which has received some attention [154] angdrtitdem has also been
treated analytically [155]. The most useful analysis foimthe literature, albeit on a
different scale, was found in atmospheric sciences ands&scan convection induced
cloud formation. The extensive theoretical and experiglenbrk of Krishnamurti
[156, 157, 158] provides stability considerations inchgla large number of parame-
ters.

The results of interest here is the influence of the bulk flownitade and direction
on the stability of the layer. From the classical treatmdrthe problem it is known
that the layer will be marginally stable for a critic&k,. of approximatelyl 708 if both
boundaries are rigid an@b7.5 if they are both free [151]. The effect of a bulk flow
directed from the hot to the cold boundary, such as in thedsursed here, can have an
opposite effect depending on the Prandtl number [156]. BRrahdtl numbers such
as those prevailing in the burner (on the ordePof= 0.7), we can expect the critical
Rayleigh number at which convection cells will developdiecreasewith increasing
bulk velocity. This effect can be illustrated by considgrthe opposite case where a
high Prandtl number results in thin thermal boundary lagersoth sides of the domain
considered. The addition of the bulk flow increases the bouldgers thickness and
induces a curvature in the conduction profile. As a resulhoalgh the temperature
gradient remains unchanged, it extends over a shorter depittft follows an increase
in the critical Rayleigh number.

When the flame position was lowered too far from the injectimay, this resulted
in the collapse of part of the flame and formation of statign@dges in the reac-
tion sheet, such as those shown in figure 6.4. Once the flamedilagsed, a strong
hysteresis effect was observed, presumably from the tgeafipart of the injection
array on either side of the burning chamber. The critical 8aoffsetd of 12 - 15
mm achievable while maintaining a planar flame results initical Rayleigh num-
ber in qualitative agreement with the theoretical works tioered above. Considering
the uncertainties on the measured flame and injection agrageratures and the large
number of parameters involved no further attempts were ni@adard a quantitative
comparison.
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Figure 6.4: Flame pattern observed when the flame positilowi€nough below the
injection array to result in the formation of convectionlséh the burner.

6.2 Velocity measurements

6.2.1 Injection layer

The trick used to supply the counter-diffusing reactanth® burning chamber de-
scribed in section 4.1.1 introduces localized inhomogain the burning chamber.
The introduction of hundreds of tiny jets in the bulk flow fag@thin region where the
reactant intermixes with the flow of products. This regiona#led theinjection layer
and must be measured to ensure that it does not perturb the fldre main concern is
the determination of the thickness of this layer outside loitlv the transport of species
can be considered strictly one-dimensional.

The only technique available with sufficient spatial retioluand the non-invasive
character required to probe the narrow jets produced bynjeetion needles is Laser
Doppler Anemometry (LDA). The velocity was measured folilogvthe procedure de-
scribed in section 4.3.1. Unfortunately, it was imposstbleeed the counter-diffusing
species mixture with tracer particles since they tend k€t the metal walls of the
thin tubes of the injection arrays. Consequently, LDA measients could only be
carried out in the Mark | version of the burner where the botedvected reactant is
inserted through larger diameter tubes. The measuremenésmade without a flame
present in the burner. When the burner is hot, the,Si€eding particles used become
polarized from the pyroelectric effect and tend to stickhie burner windows above
the flame. As a result, frequent shutdowns and cleanups quéed, interrupting the
long acquisition times required to scan the region of irdere

Where the unseeded jets exiting the injection needles rheetg¢eded bulk flow,
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the tracers are scarce and travel mostly vertically withbih& flow. As a result, long
integration times where necessary to gather a usable signthtompressed air was
used in both streams to save pure gases. The transverséywplofiles presented in
figure 6.5 are taken at progressively greater depth belownjbetion arrays. Only
the vertical component of the velocity is plotted since tloeizontal component of
the LDA produced no usable signal from the small velocities@ this axis and the
limited seeding issues mentioned above. The measurenfdigare 6.5 show that the
jets emanating from the needles have an effect on the bulkdawn to betweer.5
and3.0 mm below the injection array.
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Figure 6.5: Velocity profiles taken at different depths betbe injection array in the
Mark | version of the burner. The injection layer thicknesséen to be betweeéns
and3.0 mm.

The value oR.5 mm is considered the upper bound for the the injection layiekt
ness since the typical bulk velocity in the burner when adersing thermal expansion
are higher that the value used for this experiment. Moredkirvalue is the velocity
injection layer and the species concentration injectigeias likely to be smaller from
the effect of diffusion. Below this layer, the flow can be dolesed one-dimensional
with the transport of the species injected from the top beiage only by diffusion
against the bulk flow. All of the results presented in thisteérom this point onward
have been gathered in this one-dimensional portion of thedou

6.2.2 Transverse velocity profiles

The one-dimensional character of the flow throughout thaihgrchamber was veri-
fied by taking velocity profiles across the entire burnergsestion at different heights.
These measurements were taken with a flame present in therbamd using LDA

when possible. In the region of the burner where these meamsnts are carried
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out, below the flame, the seeding is good and the temperatiatvely low. This
means that more data points could be gathered before theowindecame opaque
from the accumulating seeding particles compared to tleetign layer measurements
presented above. The velocity profile span almost the ewtitth of the burner but
the detailed measurements of the velocity boundary layete@walls is prevented by
limited optical access.

Mark | burner

In the Mark | version of the burner, it was possible to use LBArasection 6.2.1 to
get two components of the velocity. The resulting velociggtors taken across the
midplane of the burner are presented in figure 6.6. The upp&rprofile was taken in
the flame itself and each successive profile below it at inergsnof5 mm. From this
figures it can be seen that the flow is not homogeneous at tleniof the burner. This
is attributed to the limited performance of the flow equdlaachamber used on the
advected side of the Mark | burner. The imperative of lettimg seeding particulates
go through unimpeded prevented the use of a pressure drfapenifto ensure uniform
velocity distribution.
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Figure 6.6: Vector plot of the velocity in the midplane of tNark | burner. The
uppermost profile is take in the flame itself.

As can be seen in the two uppermost profiles of figure 6.6, aBdlweapproaches
the flame it becomes significantly more homogeneous as itdsleated following
thermal expansion. This can be more easily seen in figureMi&re each component
of the velocity was plotted separately. From these plots,bilrning chamber below
the flame can be separated in two regions. In the lower paheobtirner the flow is
converging slightly towards the center of the burner butdpgosite is observed when
approaching the flame. From the horizontal component of #hecity it can be seen
that this phenomenon is more pronounced on the right sideedfiirner. Since it is on
that side that the ignition port is located, inducing higheat losses, this converging-
diverging flow can probably be attributed to thermal effettthe windows.
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Figure 6.7: The two components of the velocity in the Markirtar plotted separately.
The same profiles as in figure 6.6 are used, taken at diffeegghts in the burner: at
the flame() and below the flame5(mm (x), 10 mm (2), 15 mm (+)). (a) Vertical
component. (b) Horizontal component.

Mark Il burner

Using the thermistor-based system described in sectiog #4.8vas also possible to
get some measurement of the velocity distribution in thekMiaversion of the burner.
However, since the probe used is not directional, only theokibe magnitude of the
velocity could be determined. This measurement could naebbkzed with a flame
presentin the burner, the thermistor having a maximum dipgreemperature of 25C.
Therefore, cold air was used to supply both streams. Thel@sifown in figure 6.8
was taken at half the height of the burning chamber. Theivelgtlarge size of the
probe assembly used (abdumm diameter) prevented the detailed measurements of
the boundary layers on the chamber walls. Nevertheleséirghelata points on either
sides of the profile still reveal the influence of the walls.

Comparing the Mark Il profile of figure 6.8 to the ones takeniatilar heights
in the Mark | burner presented in figure 6.7(a) reveal thatvislecity is much more
uniform in the new version of the burner. This differencetisilauted partially to the
absence of a flame in these measurements but also to the iedprgection plenums
used in the second version. The long plenufitsrim) allowed the use of numerous
devices (screens, porous plates, honeycomb sectionsstmeehomogeneous supply
to the injection needle array. The new plenum design and ¢leelles themselves in-
duced a pressure drop in the advected species injectiorspéiitient to ensure a flat
velocity profile throughout the burning chamber. The praglg mentioned drawback
of this approach is that the flow can no longer be seeded for-bBged velocity mea-
surements.

6.2.3 Residual strain

Transverse velocity profiles such as the uppermost one figumnefi6.6 takernsidea

stable flame typical of those encountered in this thesisvahe evaluation of the resid-
ual stretch imposed on the flame. This quantity is of criticgdortance because of the
strong stabilizing effect it has on the thermal-diffusimstabilities. In the theoretical
models it is expected to be zero but experimentally there isuch thing and inhomo-
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Figure 6.8: Transverse velocity profile in the Mark Il versiof the burner without
a flame present acquired using the hot thermistor techni@be.Black vertical lines
represent the position of the inner quartz tube walls. Threzbntal dashed line is the
average value expected from the supplied flow ragei(l mm/s).

geneity in the velocity distribution will induce a finite ain that must be quantified.
The flame stretch is a measure of rate of deformation of a surface element of the
flame sheet of ared as expressed by the following relation [159]:

1 dA
A dt

Accordingly, a stretched flame has a positive valu&oi/hile a compressed flame
results in a negativél. The introduction of the concept is attributed to Karlowtz
al. [160] with the specific form of equation 6.2 depending ba geometric flame
configuration. These authors investigated jet flames, wihereeaction zone is located
in a velocity gradient and found the the following form foetstretch rate:

K = (6.2)

11dU

oU dy
This expression for the stretch rate is known as the Kadawitmber wheré/ is

the velocity parallel to the flame sheet anthe coordinate normal to it. The parameter

0 is a diffusion length defined as= )\/pCpS? where) is the thermal conductivity,’,

the specific heat angl the adiabatic flame speed. The Karlovitz number is sometimes

considered as a general definition of strain, but it is vafity an the specific configu-

ration where it was developed. A general expression for flatmegch was derived by

Matalon [161, 162] and is presented in equation 6.4. Thimfdation was selected

because it is dependent upon physically measurable gieanti independent on the

flame configuration and the choice of coordinate system.

K = (6.3)

K=V;V-n—i-Vx(Uxn) (6.4)

Equation 6.4 was developed for the case of premixed conawusith V; the flame
sheet propagation speed projected on its normal vecgdv the velocity vector. In
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diffusion flames, the reaction front does not propagate hadstretch equation used
must be modified by settiny = 0. What remains is only the second term of equation
6.4, that can be expanded using the triple product rule ifal@ving way:

K = -n-Vx(Uxn)

K = -n[o(V-i)-a(V-v)+ (- V)v- (0 V)]

K = —(ﬁ-ﬁ)(V-ﬁ)—ﬁ-(%(Vﬁ-#(Vﬁ i

K = —(ni-9)(V-iA)-n-E-fi=K.+K, (6.5)

In this last equationf represents the rate of strain tensor [163, 162]. The first
term isolated in equation 6.5 represents a contributiohefftame curvature to the
flame stretch that was hidden in the second term of equatitn Bhe second term
of equation 6.5 is the change in flame surface area inducellebgttain in the flow.
The total stretch experiences by the flame is therefore therposition of the stretch
contributions induced by the flame front curvatuf€.f and by the flow strainkK),
even in the absence of flame propagation.

Using this formula, a velocity profile taken in the flame freoth as the one pre-
sented in figure 6.9(a) and the flame shape extracted fronefigdrit is possible to
quantify flame stretch. The result is presented in figurel§.@fth total stretch and
the separate contributions of curvature and strain plctégrarately. As expected, the
residual stretch is extremely low, beldwl5 s—' everywhere in the burner. It should
be noted that these results are from the Mark | burner sinbeiorthis version LDA
could be used to gather the velocity vector field. From tha gatsented in figure 6.3
it is reasonable to expect that the maximum stretch in the&kMasersion of the burner
should be of the same order of magnitude. In this versioncéimtral portion of the
burner were measurements are conducted is shielded frostighdy stretched flame
edges by the quartz cylinder. In the corresponding regiothefMark | burner, the
stretch is below).05 st and this value is expected in the center of the quartz cytinde
in the Mark Il version. However, it is necessary to remembet this inner quartz
cylinder will induce a velocity boundary layer in the innarfie, which will cause its
edges to be slightly more stretched than its center. Howevidnout LDA velocity
measurements, the magnitude of this stretch is impossitd@antify more precisely
than the values given above.

6.3 Temperature measurements

The flame temperature was measured using thermocouplesviiog the procedure
described in section 4.4. A picture presenting two probdakénburner with a stable
hydrogen flame present is shown in figure 6.10. The trianghlape of the probes was
chosen to minimize the conduction losses of the thermoegupttion by placing the
junction wires parallel to the temperature gradient. Bseaaf this design choice, the
temperature measurements could not be done with the in@etzagylinder present in
the burner. The measurements were done in the Mark Il vedsitre burner with the
size of the probes necessitating the use of the longer lyomiamber length setting of
40 mm. The parameters used are typical for the stable flamesngszgkin this chapter
and are listed under flame #2 in table 6.1.

Great efforts were taken to mitigate the effects of catallggating and radiation
losses of the thermocouple junction, as described in sedtib. The effect of the coat-
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Figure 6.9: Velocity profile and residual stretch in the flasheet. (a) Velocity profile
used in determining the flame stretch, taken from figure &@pP(ofile of the residual
stretch experienced by the flame, withthe contribution from flame from curvature
(K.), o the flow induced strainK ;) and A the total flame stretch.

Figure 6.10: Picture of thermocouple probes inserted irbtireer. The probe on the
left is coated with ceramic adhesive while the one on thetiigyleft bare.

ing used to shield the probes can be seen in figure 6.11(a) thermeasurements
from uncoated and coated thermocouples is presented. Aecidy in this figure
the catalytic activity of the platinum present in the theomaple alloy promotes re-
combination reactions on the probe surfaces, raising itgpégature. The uncoated
thermocouple registers a maximum temperature of 1720 Kevthié coated one only
measured 1532 K, for a difference of 188 K. However, sincentieasurements pre-
sented in figure 6.11(a) are not corrected for radiation réfaé temperature increase
cause by catalytic effects is somewhat lower. The diamétiveccoated thermocouple
being larger and its emissivity greater, its measured teatpe is lowered more by
radiation than that of the bare probe.

Nevertheless, this effect remains important for the aagued the measurements.
Further proof of the strength of the platinum induced catiglywas clearly visible
shortly after the flame was extinguished. As the unburnedtaeés located in the
exhaust plenums diffused back in the chamber, they paatieipin surface reaction on
the bare probe material. In figure 6.11(b), this resultechanuncoated thermocou-
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ple becoming incandescent from the surface reactions,anitieasured temperature of
1400°C without a flame in the burner. The phenomenon lasted from1®tminutes
after the flame was extinguished and was sufficient to redghi flame if the flow of
gases was restored.
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Figure 6.11: (a) Longitudinal temperature profiles fromtedad) and uncoatedo}
probes (flame #2). (b) Catalytic effect on platinum wire Hsg in incandescent wire
even in the absence of a flame.

The measurements were corrected for radiation followiegattocedure described
in section 4.4.3 with values of the emissivities used fordhation correction givenin
that section. The magnitude of the radiation correctionfagetion of the temperature,
for a coated probe, is given in figure 6.12. For the measurey@the maximum
flame temperature, the radiation correction reaches al&@uK3In this figure, the two
datasets illustrates the effect of neglecting the radiatereived by the probe from
the enclosure walls. This simplification results in an ogéneation of the radiation
correction of 25 K relative to the assumption of a repredeeavall temperature of
500 K. For the results presented from this point onward, #ukation received from
the walls will be included in the calculation of the radiaticorrection.

The radiation corrected data for the uncoated and coatdukbpris presented in
figures 6.13(a) and 6.13(b), respectively. In these figtinessolid black line represents
the temperature profile obtained from the numerical modstiileed in section 3.3.
The radiation correction resulted in the difference betwie coated and uncoated
probes to decrease from 188 K to 150 K. This difference camliesty attributed to
the catalytic effects on the probe surface and is sufficmrttie uncoated thermocouple
measurement to clearly overestimate the flame temperature.

The radiation-corrected data from the coated thermocouplesurement is com-
pared in figure 6.14 to both the numerical results and theigtied of the simplified
model presented in section 3.1.2, with the three datasetsish remarkable agree-
ment, within50 K. The maximum flame temperature reached in the theoreticéilg
was determined following the procedure described in se®id.3. The small differ-
ence in the experimental data on the cold advected side diutheer can simply be
explained by the boundary conditions used for the theaksiod numerical models.
The value of 500 K used in the models is representative ofye leenge of flames while
the specific experimental data plotted in this figure has ptiion temperature at the
advected end of 460 K.
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Figure 6.12: Magnitude of the radiation correction for atedgrobe as a function of
measured temperature, by neglecting the radiation reteiyéhe probe from the walls
(c) and by assuming a representative wall temperatub®@@fC (OJ).

6.3.1 Temperature in the burning chamber

From the shape of the flame presented in figure 6.1, it seemieusbthat the flame
intensity and therefore its temperature is not uniform dier burner cross section.
To measure this temperature variation, a coated therméepupbe was successively
introduced in the burning chamber through different extoactubes. The resulting
transverse temperature profile is presented in figure 6.1h8. effect of the walls in-
duces a significant reduction of the flame temperature onehiphgery of the burning
chamber, in excess of 350 K. In this figure, the solid and dhshes represent the
adiabatic flame temperature and the result of the numericdbmrespectively.

The use of the quartz cylinder described in section 4.1@allthe inner flame
where the measurements are conducted to be much closetherisal. The position
of the cylinder is illustrated in the figure by the verticatds. Within this region,
the flame temperature deviates no more than 125 K from eitleendiabatic flame
temperature or the flame temperature obtained numerit#digt loss only account for
part of the deviation since, as will be discussed in the nestien, inhomogeneities in
the species distribution results in a reduced mixture gttean the burner edges.

6.4 Species measurements

The measurement of mixture composition in the burning creamias done using mass
spectrometry, with the equipments and procedures descitibehapter 5. This tech-
nigue was employed throughout this thesis to establishffeetie boundary condi-
tions at the counter-diffusing inlet of the burner. It wascalised to characterize the
species distribution in the burner and the flames generatezke results are presented
in this section.
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Figure 6.13: Radiation corrected longitudinal tempemforofiles ¢) and untreated
measured temperatures)( a) Using uncoated thermocouple probes; b) Using coated
thermocouple probe. The solid black line is the profile otgdifrom the numerical
model. The catalytic effects on the uncoated thermocoupface result in an overes-
timation of the flame temperature.
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Figure 6.14: Comparison between experimentglifumerical (—) and theoreticat(
— ) longitudinal temperature profiles. The experimental galare slightly shifted to
the left as a result of the small conduction losses in thegessembly.

6.4.1 Species transverse concentration profiles

In the previous two sections it was shown that the tempezatnd velocity boundary
layers in the burning chamber and chimney are significanes# the burner design
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Figure 6.15: Flame temperature distribution across thaibgrchamber. The vertical
lines represent the position of the walls of the inner quaeylinder. The measure-
ments were made with coated thermocouplésincorrected temperatures;adiation
corrected temperatures. The solid and dashed lines repithgeadiabatic flame tem-
perature and the result of the numerical model, respeygtivel

used here. From these findings is appears obvious that thetion layer would be
subjected to slightly different conditions across thedtin array. By introducing the
mass spectrometer capillary through successive extrangedles, it was possible to
characterize the species distribution in the injectiorefegnd the define the variation
of the boundary conditions at the counter-diffusing ence fiésults presented in figure
6.16(a) and 6.16(b), covering one half of the burner crosgmsg show the variation
of the oxidant volume fraction and the corresponding changrixture strength, re-
spectively. Once again, the vertical lines represent ttsitipa of the inner quartz
cylinder. Within this inner region of the flame, the mixtusteength was measured to
be uniform within 10% of its average values. On the edges®btirning chamber, the
phenomena listed above result in the flame having a mixtoeagth over 50% lower.
This considerably leaner periphery flames is colder anche=aimstability well before
the central region, often becoming extinct as the instésliare still studied within the
quartz cylinder.

This variation in the mixture strengih measured in figure 6.16(b) is believed to
be the main cause of the rapid cell motion observed in theleelflames developing
in the Mark | version of the burner, shown in figure 4.3. Rattiemn being caused
by heat loss at the chamber windows, as was initially betietiee heat loss in the
chimney is expected to play a central role in the phenomenlawalls of the chimney
being colder, the exit velocity of the species injected tigio the needles is higher
in the periphery rows of the array. Additionally, the upwardocity is slower there
because of the boundary layer developing in the burning bleanThe result from the
combination of these effects is a higher concentration efctbunter-diffusive species
close to the chamber walls. Thisvariation induces flame curvature and associated
flame stretch that is responsible for the cell motion.

The introduction of the inner quartz cylinder in the burngftamber, as described
in section 4.1.2 only addresses one of these problems, s&loeity boundary lay-
ers are still present within the cylinder. However, the gllathe flatness (see section
6.1) and absence of cell motion (see section 7.3) observiiivwthe cylinder reveal
that the influence of the velocity boundary layer is smalllviBg the problem of the
curvature of the flame edges and residual stretch would redjoé homogenization
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Figure 6.16: Effect of the walls on the oxidant distributinthe chamber, over one half
of the burner cross section. (a) Variation of the@lume fraction. (b) Corresponding
change in the mixture strength. The vertical lines represgenposition of the inner

quartz cylinder.

of the temperature distribution in the burner chimney. iRlg¢he whole assembly in
an oven set at a temperature close to that of the exhaust vaelpdbut complicate
optical access to the burning chamber. Localized heatintherchimney is another
option but would require the presence of a heat conductiv@, faerhaps circulated,
in the space between the injection and extraction arraysgore sufficient heat trans-
fer. Some experimentations were made following this cotjcgiph the very limited
beneficial effect not outweighing the considerable inedassystem complexity. In
the end, since improvements provided by simply using a guatinder to isolate the
unstretched central region of the burner proved sufficieraliow the observation of
stationary cellular flames, only this solution was impleteeln This choice explains
the significant increase in the area of the burner crosseseloetween the Mark | and
the Mark Il, to ensure that the inner unstretched region &egel enough to conduct
meaningful experiments.

6.4.2 Species longitudinal concentration profiles

Species concentration profiles covering the length of theibg chamber were also
obtained by slowly moving the tip of the mass spectrometpilleay from the outside
with a stable flame burning in the chamber. The proceduresisriteed in chapter 5 and
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is only able to measure stable species, with an estimatativeehccuracy of about 5%
for most of the mixtures measured. Close to the flame sheslathe concentration of
radical species can results in additional errors of up t0.10%

The profiles presented in figure 6.17(a) and 6.17(b) covecdlkes where the fuel
is advected and counter-diffusing, respectively. The eatration of the fuel (k), ox-
idant (G,) and product (HO) are included. The profiles expected from the simplified
theoretical model presented in section 3.1 are also pletsaty solid lines. There is
a surprisingly good agreement between the experiment ansirfiplified model, con-
sidering the drastic assumptions that were made in devejapiespecially regarding
the constant transport properties. These being evaluatine dame temperature, it
is without surprise that the main disagreement betweenvtbeate found in the cold
region close to the advected species inlet.

The results obtained from the numerical model are alsoqaatt figure 6.17(a),
using dashed lines. The agreementwith the experimentabaethe side where the fuel
is advected is not very good, which is surprising considgttiat the model accounts for
the variation of the transport properties with temperathi@vever, as seen previously,
the model properly accounts for the flame position and the&gature profile. In the
fuel counter-diffusing configuration, the numerical mofdéed to converge to a stable
burning state. The reason for these errors is unknown, ihce $he numerical treatment
of the problem is not the main concern of this thesis, thisctogas not investigated
further.

6.5 Flame position

To measure the flame location in the burner, photographsentagen from the side,
following the procedure described in section 4.2.1. Thegiesawhere then analyzed
and the flame position determined as the point of maximumnosity in the center of
the chamber. This optically determined flame location wagigd to be in excellent
agreement with the location of the water concentration antperature maxima. For
the sake of simplicity, the optical method was used for athefresults presented here.

6.5.1 Virtual origin

The procedure used to determine the boundary conditioreatdghnter-diffusing end
of the burner is illustrated in figure 6.18. For each expentakcondition, the mix-
ture composition immediately next to the injection neediaysupplying the counter-
diffusing species was measured by mass spectrometry. Tdedeconcentration pro-
files (shown in the insert of figure 6.18, abduto 10 mm long), extending from the
injection tube tips to the flame, allowed the determinatibthe amount of counter-
diffusing reactant swept into the exhaust by the bulk flovd hence the effective mix-
ture strength in the burner. Based on this concentratiofil@r@ point beyond the
injection layer was chosen as thietual origin of the counter-diffusing reactant.

The use of this short profile instead of a single point allog@ue latitude in choos-
ing the reference point to generate large datasets with woless constant mixture
strength. For instance, when increasing the bulk velobigyinjection layer thickness
decreased even if all other parameters remains constactrdiagly, the oxygen con-
centration at a reference poihib mm below the array decreased. This resulted in the
mixture strength measured at that reference point to isere®o be able to use these
two data points to measure the influence of bulk velocity omégosition, a new
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Figure 6.17: Longitudinal species concentration profifeg| (LJ), oxidant (-) and
water ). The solid and dashed lines are the profiles obtained frarsimplified

theory and numerical models, respectively.
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Figure 6.18: Sketch illustrating the technique used totsetirtual origin of the sys-

tem. The short profile of counter-diffusing species conediun taken below the in-

jection array (shown in the insert) allow the choice of refere points with the same
mixture strength despite different injection layers.

reference point was chosen slightly downstream from thedims, where the oxidant
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concentration was the same as in the first case. The resudttifor the two data points
the chamber length is slightly different and this was actedffor in the normalization
process.

In the measurements presented here, the change in thel yiosidon associated
with a change in bulk flow velocity was relatively small, oretbrder ofl to 2 mm
at the maximum. The minimum distance between the virtuaiorand the needle
array was always chosen to ensure that the reference pasmiwtside of the injection
layer. Following the measurements presented in sectiaf glfs distance was set at
2.5 mm. The use of a two gas mixture (helium and @llowed the investigation
of the effect of the Lewis number on flame position. Changédéinert composition
and therefore in the advected mixture density, caused anteff larger magnitude on
the mixture strength than the one described previoushyh®bulk velocity. As can be
seen in figure 6.19, when the inert gas was progressivelygatafiom pure CQ to
pure He at constant bulk velocity, the virtual origin had téodhanged by aboutto 7
mm to maintain a constant mixture strength.

Virtual origin [mm]

o B, N W A O O N

o
=)
Gl

0.10 o ' 30.0

Density [kg/m®] 035 150 Bulk velocity [mm/s]

Figure 6.19: Effect of bulk velocity and mixture density dretvirtual origin used to
achieve a constant mixture strengthjof 0.5.

The displacement of the virtual origin proved a suitabléntégue to account for
both of the effect of the bulk velocity and advected mixtuemsity on the effective
mixture strength. The mixture composition and temperadtitiee reference point were
then used as boundary condition and the reduced chamb¢h lasithe new reference
length for the comparison with the simplified model of sect®1. This procedure
allowed the effective mixture strengthto be kept constant, despite the varying loss
of counter-diffusing species into the exhaust at diffefarlk flow velocities and in-
ert composition. To evaluate the theoretical flame positiba experimental Lewis
numbers of the reactants were evaluated using the mixtungpasition and tempera-
ture measured at the flame. The dimensional bulk velocity dedsrmined from the
supplied mass flow rate.
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6.5.2 Influence of bulk velocity

The position of the flame inside the burning chamber as a fomof the bulk velocity
magnitude and direction was investigated using, @uted H,-O, flames. The re-
sults are presented in figure 6.20(a) and 6.20(b) for theddreécted and fuel counter-
diffusing configurations, respectively. Because of thatnmposed by the counter-
diffusing species injection scheme, it was impossible taiokdata with the same mix-
ture strength for both the fuel advected and fuel countifusing configurations. When
the fuel is counter-diffusing, most of it is carried away lire texhaust by the compara-
tively heavier inert. Accordingly, the flames produced iis ttonfiguration are always
very lean. Typical results are presented in figure 6.20(bgfe 0.33 and¢ = 0.25.

The thermal diffusivityD;,;,, used to determine the dimensionless bulk velocity was
evaluated at three different temperatures for comparisopgses: at both inlet tem-
peratures and at the flame temperature measured or as detdraiiher numerically
or using the method described in section 3.1.3. The resakgmted in figure 6.20
clearly show that the flame temperature is the most apprepiweevaluateD,;, used
in the dimensionless bulk velocity. When this referencepisi used, the results show
good agreement between the simplified theory for the flaméipogequation 3.14)
and the experimental results. The figures also show thataheefposition is more ac-
curately predicted by the simplified theory when the oxygeher than the hydrogen
is counter-diffusing.

Several factors can be invoked to explain the differencesden the two data sets.
The assumption of constant transport properties made ithtgwretical development
is not equally drastic in both configurations. Equation {3rkeveals that the flame po-
sition is mainly determined by the Lewis number of the corndiffusing species. In
this datasetle, varied only slightly from the injection point to the flame shéfrom
0.861 to 0.865) when the oxidant was counter diffusing. Wihenfuel was counter-
diffusing, theLe; variation was more significant, between 0.25 at the injectind
0.22 at the flame, on average. In addition, the thermal expajalso neglected in the
simplified theory, decreases the transport of the couriftrsthg species to the reac-
tion zone. This effect increases the effectivevhen the oxidant is counter-diffusing
and decreases it in the reverse configuration (note thatraasngyp lowers the curve
z¢(U)in figures 6.20(a) and 6.20(b)).

6.5.3 Influence of Lewis number

From the simplified theory described in section 3.1, wherviiecity is high, only the
Lewis number of the counter-diffusing species is expeatdubive a significant effect
on flame position. However, when the velocity is small, bo#twis number need to be
considered because the forward diffusion of the advectediep becomes significant.
To test this theory, the reactants were diluted in a mixtdrevo inerts (helium and
CO,) to generate a range of Lewis numbers for the two reactantthelse results the
fuel-advected configuration was used and accordingly theéd eumber of the oxidant
(Le,) is expected to have a dominating influence on the flame pasithssuming a
constant Le, the expected flame position dependence ondred U is given in figure
6.21(a).

The use of helium as a dilution gas with its high thermal diiffity means that the
dimensionless velocity is relatively small, so the Lewisnier of the advected species
has to be taken into account. In figure 6.21(b), the flame ipasfiredicted by the
theory is showed with and without considering the variafiothe advected species
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Figure 6.20: Effect of bulk flow velocity on flame position fdahe case of
counter-diffusing oxidant (a) and counter-diffusing ffb). The D;; used to non-
dimensionalize the bulk velocity is evaluated at the flamg &t the advecting inletj
and at the counter-diffusing inlet\j. The lines represent the flame position predicted
by the simplified theory, a) ——, fap = 1, Ley = 0.35 andLe, = 0.85, b) Ley = 0.25,

Le, = 0.80, ¢ = 0.25 (filled symbols and solid line) and = 0.33 (open symbols and
dashed theoretical line).

Lewis number. For the low-velocity flames considered her¢ £ U > 2), neglecting
the advected species Lewis number results in differencep td 12% in the predicted
dimensionless flame position.
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Figure 6.21: Effect of bulk velocity and counter-diffusisigecies Lewis number (&
on flame position predicted by the simplified theory. a) Thel fLewis number is
assumed constant and the mixture strength #50.5. b) Theoretical results, with)
and without () considering the variation of Lemeasured for the experimental data
points available.

The results gathered in these conditions and presentedurefy22 confirm the
necessity of considering both Lewis numbers. In figure &R2e measured flame po-
sition from the virtual origin is simply normalized usingetheduced chamber length
A comparison between these results and the theoreticaljigted values, even con-
sidering the variation of both Lewis numbers, yields coasadble errors. For the data

1The reduced chamber length is the total chamber length nireugosition of the virtual origin used.
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presented in figure 6.22(a), the error exceeds 20% for theeflamith the lowest bulk
flows.

This discrepancy can be explained by considering that ®itdtv velocities used
for this experiment, the conditions present at the end obtiteom injection tubes are
not the same as in the prescribed gas stream. With the snaafilmér lengtt? used
here 0 mm), the bottom injection array is located in a region witingiicant concen-
tration gradients. This results in a forward diffusion effe the injection tube and in
the effective chamber length being longer than expectedthiecexperiment presented
here, when the inert gas is mostly helium, the fuel exits txedhes onlyt0 mm from
the flame and easily diffuses towards it, resulting in a catre¢ion gradient within the
injection needles. The consequence is that the effectimmbler length is longer that
the distance between the tip of the two needle arrays. Thisomafirmed my mass
spectrometry measurements carried out throughout thérfguchamber andhsidethe
advected species injection tubes. Naturally, this effétttvary significantly with the
burner operating condition, much like the position of theual origin described in sec-
tion 6.5.1. From the mass spectrometric measurementssiéstamated that this effect
resulted in an chamber length increasé afim on average for the conditions used in
this section. The results using this corrected chambeithefog the normalization of
the flame position are presented in figure 6.22(b), resuitinguch better agreement
with the theoretical predictions (differences below 5%).
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Figure 6.22: Experimental results for flame position withialle Lewis numbers.
a) Comparison with simplified theory. b) Comparison withdheusing an effective
chamber length slightly longer than the actual chambertkerig compensate for dif-
fusion effects in the advected supply at low velocity. With) €xperimental measure-
ments anddq) theoretical results.

2The small chamber length @b mm used in this section, compared to ttemm used in section 6.5.2
was chosen to prevent the formation of convective cellsérbilrner (see section 6.1.2).






Chapter 7

Experimental observation of
thermal-diffusive instabilities

In this chapter, the experimental observation of thernifflislve instabilities realized
in the unstrained diffusion flames characterized in theipres/chapter are presented
and analyzed. In the first section, the limits of stabilitglaxtinction of the flame are
presented as a function of the burner operating paramétetse second section, the
type of instability occurring close to the lean extinctiamit is identified in the Lewis
number parameter space. The subsequent sections aretdddiwahe two types of
thermal-diffusive instabilities observed in this expegimx cellular flames and planar
intensity pulsations.

7.1 Stability and extinction limits

In section 3.2 it was shown that the limit of infinitely fastdacomplete combustion
(the Burke-Schumann limit, correspondinglda — o) is unconditionally stable. The
experimental results on instabilities presented in thegpthr are all gathered by start-
ing from such a stable baseline flame. This flame is descripélebtheoretical model
of section 3.1 and has been extensively characterized jpteh@. In order to observe
thermal-diffusive instabilities, it is therefore necagda decrease the Damkohler num-
ber Da until a marginally stable state is achieved. WHe is further decreased, the
unstable flame can remain burning for a certain rang®efefore reaching extinc-
tion. This sequence of events follows the top branch of tisb&ped response curve of
figure 3.3.

In numerical treatments of the problem such as the one byévietzand Matalon
[45], itis convenient to control the Damkohler number siyipy changing the bulk ve-
locity U while keeping all other parameters constant. Unfortugdkeés is not possible
experimentally using the present configuration becaudeso$trong coupling between
U and other important parameters such as the boundary coméitithe side of the
chamber with the counter-diffusing reactant. As a resulty @ narrow range of veloc-
ities can be used while maintaining a configuration simitathie idealized model of
figure 3.1. If the bulk flow is too fast, the flame will be locatedhe injection layer
and if it is too low the flame sheet is far from the injectionagrias to be subjected
to buoyancy induced instabilities (see section 6.1.2hdugh it should be possible to
generate flames with a very small bulk flow using this configaraexperimentally the

97
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task has proved extremely difficult. As the bulk flow magnéuigsldecreased, the flame
has a tendency to collapse entirely or partially onto onehefihjection arrays. As
a result of the subsequent asymmetric heating of the supplstcausing convection
within the burner, it was almost impossible to re-createadlstplanar flame sheet in
the center of the burner without extinguishing and re-iggithe burner. Consequently,
the conveniently usable bulk velocities available in thenleu ranges only from about
15 to 30 mm/s. This range is insufficient to change the Damkohlerimemenough to
bring the flame from stability down to extinction.

For the burner design used, the only other experimentalylable mean to con-
trol the Damkdohler number is through the flame temperatha¢ ¢an be varied ei-
ther through the dilution (its nature or its amount) or thextonie strength. Changing
the burning temperature through dilution alone while neinihg constant mixture
strength is very complicated because, similarly to the Kflolk magnitude, the nature
of the inert has a strong influence on the injection layer {gpee 6.19). Therefore,
the Damkohler number was reduced and the flame broughtteifisy simply by re-
ducing the mixture strength through the supplied fuel vaifraction. The following
procedure was used to map the burning regime sustained buther, under constant
bulk velocity, as a function of the supplied mixture compiosi. Starting from a stable
flame, the strength (fuel fraction) of the fuel stream wagypesesively reduced while
keeping all other parameters constant. The flame shape aitibpan the burner is
monitored simultaneously using two cameras, as describeddtion 4.2.1. Prior to
the implementation of the mass spectrometric measurefnibateesults could only be
plotted as a function of the reactant composition of eacastrsupplied to the burner.
Such results for the fuel advected case are presented i fighir
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Figure 7.1: Stability limits inferred from the supplied flomates, corresponding to
flame #2 in table 6.1{( = 19.4 mm/s). a) As a function of the volume fraction of the
reactants. b) As a function of the mass fractions. Key:Sgable planar flames{
Onset of first holes in flame sheety) Partly cellular flames;<¢) Fully cellular flames;
(<) Fully cellular flame collapsed on injection array.

It was observed that the flame does not become cellular ilastaously as a whole
but is rather observed to first become partly cellular aret fatly cellular as the input
mixture composition is changed. This was expected from teasurements of the
species distribution over the burner cross section predantfigure 6.16. The 10%
variation in ¢ observed in the central part of the burner results in parhefftame
reaching instability before the rest. In figure 7.1, the atinag parameters resulting in a
partially and a fully cellular flame have been identified sepely. These measurements
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were made using the conditions listed under flame #2 in talil@$the baseline state
(varying only the fuel and oxidant content in their respecttreams).

The concept of extinction is also somewhat blurred in thisfiguration since
the flame does not stop burning completely until very low fuslime fractions are
reached, on the order of 8-10%. What happens is that, as the #ipproaches extinc-
tion and fuel leakage through the reaction zone incredsedlame front moves in the
direction of the flow. At some point the flaniempsinto the highly oxygenated region
of the injection layer where it can continue burning deshitéher reduction in mixture
strength. The criteria for flame extinction used in this ihéstherefore one of flame
position rather than one of flame aspedthe flame was considered unusable for mea-
surements if it was located very close or downstream of trheali origin considered
for the definition of¢. While the flame might actually still burn, in the correspend
ing situation for the idealized one-dimensional burnergidife 3.1 it would have been
blown out into the top stream.

Because of the nature of injection layer already abundaliglyussed in this thesis,
the results presented in figure 7.1 are only qualitative. 0deeof mass spectrometry
allows the generation of more reliable stability and extorclimits as a function of the
effective counter-diffusing boundary conditions of therer. The results presented of
figure 7.1 are plotted in this manner in figure 7.2. The congoarbetween the two
figures reveals the necessity of such mixture compositioastnements to define the
true operating parameters of the burner. This dataset wa#eb using a fixed virtual
origin 2.75 mm below the injection array and demonstrate that the éffecixidant
volume fraction at the virtual origin is about3 of the value in the supplied gas stream.
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Figure 7.2: Stability limits inferred from the mass spenigiric data, as a function
of the volume (a) and mass (b) fractions of the reactantstla¢reend of the burning
chamber. The burner is operated in the fuel-advecting corgtgpn and the symbols
are the same as in figure 7.1.

From the measurements used to generate the maps given iesfigdrand 7.2, the
variation of theeffectivemixture strength can also be determined as the flame becomes
unstable and leakage becomes significant. Again the mass@petric data are es-
sential to identify the true flame parameters. This is eglgdrue for rich flames when
the counter-diffusing stream has a low oxygen content. ildiuation, the strong ef-
fect of the bulk flow on the injection layer results in a fiveddlifference between the

1Using the same burner configuration as here, Lo Jacono[$iiediin his thesis the extinction as a state
when the flame occupied only 0.2% of the burner cross sedtimm the measurements presented here, this
limit occurs long after the flame is displaced to the tip ofitijection needles
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mixture strengths as determined from the supplied mixtanesby mass spectrometry.
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Figure 7.3: Mixture strengthy) inferred from flow rates (a) and mass spectrometry (b).
The circles ¢) represents the projection of the data points in the mixtoraposition
plane.

Through the variation of the mixture strength, as the fueitent of the advected
stream is varied and the flame becomes unstable, it also ebgugition. The ob-
served flame position corresponding to the different stabteunstable flames plotted
in figure 7.2 are given in figure 7.4(a). A more detailed vievpiissented in figure
7.4(b) where the flame position of two flames is shown as theurgxstrength is pro-
gressively lowered. As expected, when the flame is stablaiyellular ¢ > 0.6), a
decrease in the advected fuel mixture volume fraction tesulthe flame moving up-
stream. However, when the flame becomes fully cellutas (0.5) the trend is reversed
and the flame moves towards the oxidant end of the burner asitttere strength is
further decreased. The phenomenon is most likely stromglyenced by the signifi-
cant reactant leakage through the reaction zone implyingestegree of pre-mixing in
the resulting cellular flames. When the mixture strengtledticed significantly below
the value corresponding to full cellularity, the positidrtte flames moves upstream of
the virtual origin. This corresponds to negative valuesgnrie 7.4(b). As mentioned
above, under these conditions the flame was considered hieusacause located in
the injection layer and no longer strictly one-dimensional

7.2 Mapping of the instabilities

The theoretical investigations of the thermal-diffusimstabilities of diffusion flames
presented in chapter 2 predict that the type of instabitit tlevelops close to extinc-
tion, if any, will depend on the transport properties of teaatants. The Lewis num-
bers of both reactants play a defining role in the phenomettzegigelate the rates at
which the reactants can be supplied and the heat evacuatedtfe reaction zone. The
combination of possible Lewis numbers constitutes therpater space that should be
explored to validate the theoretical predictions on theireabdf the thermal-diffusive
instabilities in diffusion flames.

Numerical treatment of the linear stability problem allolath Lewis number to
be controlled independently and the whole parameter smgabe investigated. The
result are maps such as the one presented in figure 2.1 wieetygpth of instability is
predicted as a function of both Lewis number. However, erpentally the situation
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Figure 7.4: Flame position change as the mixture strengkbmisered and the flame
becomes unstable. For two initially stable flames, usin@4.00) and 90% ¢) oxygen
in the counter-diffusing stream. Negative values meanttieflame is located above
the virtual origin and in the injection layer.

is different since the two Lewis numbers are not independedtcannot be chosen ar-
bitrarily. Only a limited set can be produced as a result efrdactants and inert gases
available for this type of study. The hydrogen-oxygen camabon was selected as the
main reactive system because of its simplicity and the skterexperience of our lab-
oratory with this type of diffusion flames. The simplicity thie reaction, yielding only
water as a product, also eases the mass spectrometriciartdlfree mixture composi-
tion in the burner. Since HO, flames produce very little visible light emissions, the
inert has to be chosen appropriately to solve this problearb@h dioxide (CQ) fits
this requirement and was used extensively in this thesikeamert gas. Additionally
it is cheap, non-toxic and relatively stable at high tempees

Hydrogen-oxygen diffusion flames diluted in various amgurit CO, yield only
relatively small variations of the Lewis number of both spscFor instance, measure-
ments made in the Mark | version of the burner[96] with sucktaores only allowed
Le; to vary betweeri.23 and0.27. The results collapse almost to a single point in the
Lewis number parameter space and are of limited use for fidatian of the theoreti-
cal models. In order to produce wide ranges of Lewis numlearsxture of two inerts
with drastically different transport properties can bedu&® the dilution of the reac-
tants. For the results presented in this thesis, the secantiselected is helium. As
this lighter inert progressively replaces €D the dilution mixture, the Lewis numbers
of both reactants increases significantly. This alloweditkiestigation of part of the
parameter space where planar intensity pulsation are &ghec

However, as the helium replaces the L@e flame becomes less luminous, to the
point of making observation from its visible light emissimnpossible at high Lewis
numbers. For this reason, a heavier fuel (methang)QOkias used to explore the pul-
sation instability region of the parameter space, cornedjmy roughly to both Lewis
numbers being above unity. G@nd helium were again used as the dilution mixture
for the sake of simplicity and convenience in the mass spewdter calibration. The
combustion of methane producing €@ addition to water, the use of two other in-
erts would have required a six gas calibration for the masstspmeter, complicating
the procedure described in section 5.4.2 beyond practedithility. The use of still
heavier fuels and different inerts would allow the inveatign of a larger part of the
Lewis number parameter space at the cost of some comphisabibthe experiment.
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Examples of such combinations with an estimation of therpatar space covered are
given in appendix B.

The measured region of the Lewis number parameter spaceecblig hydrogen
and methane burning with oxygen in a mixture of £&hd He is given in figure 7.5(a)
with the corresponding type of instability observed clasextinction. With hydrogen,
cellular flames are observed when the inert used is compasidof CO,. When
helium almost entirely replaces GQoscillations were observed in the; lames but
were difficult to measure because of their very dim light esiois. The methane flames
produced were seen to oscillate for the whole range of he@@g inert mixtures used.
However, when the inert is almost exclusively £@orresponding to the lowest Lewis
numbers, the oscillation are of very low amplitude, eveselw extinction. This hints
at a possible transition towards another instability mddeecto the limit of the Lewis
number range achievable using this reactant and inert aatibn.
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Figure 7.5: a) Experimental map of the instabilities in tremis number parameter
space. Withd cellular hydrogen flames) pulsating hydrogen flames andpulsating
methane flames.The mixture strength is roughly 0.5 for liflames. b) Mixture
strength variation associated with the change in inert amsitipn for the pulsating
methane flames.

The change in the inert composition used to achieve the veidge of Lewis num-
bers presented above obviously caused changes in theianjéayer and therefore
on the resulting mixture strength. The results presentdidjime 7.5(b) quantify this
change for pulsating methane flames.

7.3 Cellular flames

7.3.1 Observed instabilities

An example of the observed typical transitions startingrfra stable flame sheet to
a fully cellular flame as the mixture strength is progredgiveduced is presented in
figure 7.6. This sequence was captured insid& emm inner diameter quartz cylinder
place inside the burner. The outer flame in the rest of thedsunas followed the
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same transition, but with strong cell motion, and becamimetdbefore the instabilities
developed in the inner cylinder. The difference in the migtsirength between a stable
and a fully cellular flame is quite high, abofd = 0.1. This difference is mainly due
to the change in the counter-diffusing boundary conditesutting from progressively
reduced flame activity. This results in a reduction of thee@ff/e bulk velocity in
the injection layer and an increase in the oxygen contertteatdp of the chamber,
explaining the decrease of

Figure 7.6: Photographs of cellular flame structures, froigetto full cellularity. For
this sequence, the inert is pure €é&nd the bulk velocity is kept constantl#t4 mm/s.
Inthese hydrogen flames, the Lewis numbers for the fuel aitthakare approximately
0.23 and0.86, respectively.

From the distribution of the oxidant across the burner cezsgion presented in
section 6.4.1, the effective mixture strength is expectetid slightly higher in the
central portion of the burner. Accordingly, the instal@lit are expected to occur at the
periphery of the flame first. They should then propagate idwarthe mixture strength
is reduced, however the opposite is observed. The residumaéfbtretch distribution
in the burner can be invoked to understand this counteitiveufinding. From the
results presented in section 6.2.3, the residual streteRgscted to be higher on the
periphery of the inner flame because of the velocity bountiamgrs. Since stretch is
known to have a strong stabilizing influence on the therniffligive instabilities, this
can explain why the instabilities occur first in the richet lass stretched flame center.

One of the main problems in the Mark | version of the burnehét the residual
flame stretch and species distribution inhomogeneitieligleenough to induce strong
cell motion in the unstable flames. This prevents the aceursgasurements of the
cellular flames geometrical characteristics since thes getbduce streaks in the long
exposure photographs required to capture their dim lightgon. For example, the
picture presented in figure 4.3 was taken using 1@ second exposure and is barely
usable to determine the cell size. By comparison, the imégemn in the Mark |
version and used in the sequences of figure 7.7 are captureply$ second exposure
time. The absence of streaks behind the cells demonstiatéhth true shape of the
cells can be measured from these photographs.

The two sequences of figure 7.7 reveal the small cell motianhithstill observed
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in the Mark Il burner for partially and fully cellular flamed.he number and size of

the cells is constant, but there is a very slow drift in thésgebsitions. There are also
cells that divide and other cells that tend to absorb theghtmrs. These phenomena
can be clearly observed at top of the fully cellular flamedgrames f to |.

10 mm

Figure 7.7: Cell motion in cellular flames for one partly aidr flame (first rowg =
0.443) and a fully cellular flame (second row,= 0.408), corresponding to frames g
and h in figure 7.6, respectively.

The concentration profiles of the reactants taken in theecaitthe burner, along
its longitudinal axis, are presented in figure 7.8. Thesdilprowere taken through a
lean @ = 0.5) stable planar flame sheet, very close to the onset of thecéiist This
figure can be compared to the profiles given in figure 6.17(aafsimilar flame but
richer (» = 1) and hence further from the transition to instability. Thaimdifference
between the two sets of profiles is the reactant leakage ghrthe reaction zone. In
the flame close to the transition to instability, the leakegsignificant while almost
none was measured for the richer flame. This confirms theflieiethrough leakage
the critically stable and cellular flames are at least pgmtgmixed in nature.
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Figure 7.8: Reactant concentration profiles across a stiabhe close to the transition
to a cellular structure, corresponding to frame b) in figue Bignificant fuel 0) and
oxidant @) is seen across the still homogeneous reaction sheet.
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7.3.2 Cell size scaling

From the theoretical modeling the size of the transverdespatingir in the cellular
structure is expected to scale linearly with the diffusiemdthl, = D, /U [44]. This
quantity is defined as the ratio of the thermal diffusivitythe bulk flow velocity. The
results of the linear stability analysis show that the wamgth with the maximum
growth rate at marginal stability will be indicative of thelkcsize. The more general
expression for the cell size is given in equation 7.1.

2’/TZD
O—*

Iy~ (7.2)

In this equationg* is the wavenumber at the onset of the instability. This pa-
rameters* is obtained from the numerical treatment of the dispersatation with its
dependence on flame parameters sucbasLe,, Ley, U and¢ unknown. For stoi-
chiometric flames with small Lewis numbets, has been shown to be roughly equal
to 1 [45]. For the lean flames such as those were the cellulartateics observed
in this burner ¢ ~ 0.5) the same reference evaluatgsagain close to unity, but in-
creasing slightly with.e,. The dependence of* on the other parameters is likely to
be significant in the determination of the cell size, but #zeoumerical calculation
would be required to enable direct comparison with the abel experimental results.
Accordingly, since it falls outside of the scope of this teethe dependence &f on
o* will not be discussed further here.

To investigate the scaling of the cell size, the experimead wonstructed to allow
control over the two quantities defining the diffusion ldngt. The bulk velocity
can be changed directly, and the resulting effect of theutzelflame structure can be
seen in figure 7.9. These experiments were realized usingpggd as the advected
fuel and pureC'O, as the inert. The cell size is clearly seen to increase astitke b
velocity is decreased, as expected. Under those conditiwnen the bulk flow is
lowered below about8 mm/s the cellular pattern starts to rotate at about one uéool
per second. From a stationary partly cellular flame, a snedtehse in the mixture
strength suddenly changes the flame structure to a fulluleeland rotating pattern.
This change is associated with a sudden increase in theizelasd accordingly the
results gathered with large cell size at low velocities atgexct to greater uncertainty.

U=24.9 mm/s U=222mm/s U=19.4 mm/s U=16.7 mm/s

Figure 7.9: Pictures of cell size scaling with bulk velodgiythe fuel-advected config-
uration, with pure CQ@ used for the inert. The mixture strengthfis= 0.45 on average
for these pictures.

The second parameter defining the diffusion length, thembediffusivity, was
modified through the use of a two inert mixture as the diluti@s. The resulting
change in the cellular pattern as the inert composition dgassively changed from



106 CHAPTER 7. EXPERIMENTAL OBSERVATION OF TD INSTABILITIES

pure CQ to pure helium is given in figure 7.10(a). As expected, thigaease in the
thermal diffusivity results in an increase in the observelll ©ize. It should be noted
here that the large size cells are observed to have smalitadglnd unsteady size
oscillations. In figure 7.10(b), the reactants transpaspprties in the cellular flames
presented in figure 7.10(a) are plotted in the Lewis numbearpater space. This
reveals that the large size cells are produced very closkedransition where the
dominant instability close to extinction is intensity pations rather than cells. It is
expected to see competing modes of instability in this mregibthe parameter space
[45]. In the transition region it was also possible to obsamder certain conditions
a rotating planar flame spiral inside the burner. This sibmatorresponds to a single
cell in rotation with the observed angular velocity beingiagon the order of one
revolution per second. Unfortunately the phenomenon wagetakly luminous to be
further investigated using the experimental techniqueagatle. All of the flames with
varying bulk velocities realized in pure G@nert presented in figure 7.9 correspond to
a state very close to point a) in figure 7.10(b).

a) 0] ‘%) He b) 20 (%) He C) 40 % He d) 60 % He

0.5 .
0.4 a).b)......c).d)

0.3
0.2
0.1

Lef[]

08 09 1 11 12 13 14 15
Le,[]

(b)

Figure 7.10: a) Images of cell size scaling in the fuel-atk@configuration. b) Loca-
tion in the Lewis number parameter space correspondingetaehular flames shown
in a)(2). The other data points represents conditions where eelfldmes 0) and
planar intensity pulsation®f have been observed in hydrogen flames.

The cell sizes\. extracted from both datasets presented previously iseolaitt
figure 7.11 against the diffusion length calculated usirggttiermal diffusivity at the
flame temperature . In this figure the expected linear scatiitiy thermal diffusiv-
ity is observed for both datasets, particularly for the ogedized at constant velocity.
This is consistent with the results of Metzener and MataltB] vhich suggest that
the Lewis number dependence &f is weak. Further knowledge regarding the ve-
locity dependence of the parametérwould be required to determine if the diffusion
length alone is sufficient to account for the cell size depewd on bulk flow velocity.
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Figure 7.11: Scaling of the measured cell sizeas a function of the diffusion length,
using the thermal diffusivity at the flame. The two datasetsenrealized at constant
velocity, varying the inert compositiom) or using CQ as the inert and changing the
velocity (o).

Unfortunately the limited range of velocity under whichtdtacellular flame pattern
are observable in the current burner configuration doesltot ghe matter to be in-
vestigated further. Attempts have been made to try to cateal./l p with parameters
that might help reduce the scatter observed in figure 7.11 asife,,, ¢ or U without
discernible trends emerging. It was impossible to use thakdéler in this situation
since the fragmentation of the flame front in cellular flames/gnts the gathering of
reliable mass spectrometric data.

Changes in the mixture strength resulting from the use éédint velocities and
inerts can be estimated in manner similar to the one docledémsection 6.5.1 for the
virtual origin. Assuming a constant virtual origin positi®.0 mm below the injection
array, the mixture strength variation resulting from tharges in velocity and inert
composition applied in this section is presented in figuie 7For the range of inerts
and velocities considered here, the mixture strebgfore the onset of the instabilities
iS¢ =0.5+0.2.

7.4 Planar intensity pulsations

The results presented in the previous section reveal ththeagactant Lewis numbers
are increased so does the size of the cells forming closetiiocégn. For very big
cells, the pattern becomes less well defined and unsteadlyisisection, flames with
higher Lewis numbers are produced where planar intensisafians instead of a cel-
lular pattern develops close to extinction. The video asitjoh technique described
in section 4.2.2 is used to capture the flame dynamics. Itésaipd between 50 (the
lowest possible acquisition rate) and 250 frames per se(fpajito provide the band-
width sufficient to properly resolve the pulsations. Thelgsia of the digital videos
provides a 8bit signal of the intensity of the light emissadrthe chemical reaction. It
is necessary to point out here that this signal is only anéatimeasure of the chemical
activity. A signal that falls to zero simply means that therféadoes not emit enough
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Figure 7.12: Effect of bulk velocity and mixture density dw tmixture strength, con-
sidering a constant virtual origisi0 mm below the injection array. The open symbols
have the same meaning as in figure 7.11 with the filled symtsigltheir projection

in the density and bulk velocity plane.

light to be detected, not that it is extinct.

The technique therefore only provides a limited dynamigesior the flame inten-
sity. The settings of the image acquisition had to be adjigteensure that the flame
could be observed over the entire pulsation cycle and aviaiel paturation. There-
fore the exposure time and the aperture were changed betweegdim and brighter
flames. As a result, the absolute magnitude of the signalimtjand the pulsation
amplitude cannot be directly compared between flames. Henvéve image sensor
of the camera was used with a linear sensitivity setting (1) so the variation of the
maximum flame light emission intensity relative to its aggravas considered the best
measure of the pulsation amplitude available. This sigred acquired by consider-
ing a sampling window such as the one presented in figure FaBeach column of
pixels in this window, the value and position of the intepsitaximum is found. The
width of the windows typically used includes from 10 to 20wahs, ensuring that the
average values returned are not biased by optical artiéaxtgepresent the true flame
position and intensity. The procedure is repeated for esohd of a video sequence
capturing several flame pulsation cycles. Typical sampigtles are between 10 and 20
seconds, comprising between 500 and 5000 frames, the lomggsring of the order
of 2 minutes of processing time to extract the signals.

As was the case for the cellular flames of section 7.3, thaliilgies investigated
here occur close to extinction, meaning that the flames anedien. The unsteady
nature of the intensity pulsation also requires the useaft&xposure times to capture
the phenomena. To maximize the light gathering, the imageta&en from the side,
using viewing position # 1 in figure 4.9. Consequently, tlgmal available is a spatial
integration over the width of the flame. Care has to be takeheninterpretation of
the signal since the temporal oscillations of the flame a¢sulted in some spatial
inhomogeneities. For instance, the appearance of travelaves resulted in a large
increase in the measured flame intensity when the wave passi camera side of
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Phocran

Figure 7.13: Example of sampling window used for the videalysis.

Figure 7.14: Intensity pulsation in a helium diluted hydeadlame.

the burner. It is for this reason that the amplitude resuks@nted in this section must
be treated with caution and to have a relatively high unagsta The results on the
pulsation frequency on the other hand were found to be uctafieby these traveling
waves and are considered very reliable.

7.4.1 Observed instabilities

The first experimentations of pulsating planar flames werdansing hydrogen as the
fuel and mostly helium as the inert to provide sufficientisgLewis numbers. Tran-
sition from cells to pulsations as the dominant mode of inifitst close to extinction
was observed with flames created using the inner quartzasdiim the burner. It was
not possible to observe pulsating hydrogen flames in thenabsef the inner quartz
cylinder as extinction always occurred before the instigbdould develop. The lim-
ited light sensitivity of the high speed camera was insudfitito capture these very
weakly luminous flames. The slowest acquisition rate of teeiak still imposes a
relatively fast exposure time of 1/50 of a second. Using til@h D200 digital still
camera, described in section 4.2.1, it was possible to tpke 24 frames in succes-
sion at approximately frames per second. A sequence of a pulsating hydrogen flame
acquired using this technique is presented in figure 7.14.

The observed pulsating hydrogen flames, such as the onenpgdse figure 7.14,
are identified in the map of figure 7.5(a) and are associatfttive highest achievable
Lewis numbers using this fuel. Using thesample per second signal extracted from
these flame, the pulsation frequency was determined to bhe &ljoHz. This is very
close to the Nyquist frequency of such a signal and illusg #te difficulty of capturing
the dynamics of these flames. In addition to these techniollems, hydrogen flames
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Figure 7.15: Pulsation in a methane flame with the inner quaptnder present. The
time increment between the frame9)i85 seconds and the frame width is equal to the
quartz cylinder inner diameter. The vertical dashed lipgesent the maximum flame
size, associated with the higher intensity part of the tadmh.

are not well suited to investigate the intensity pulsatio&sause the transition between
cellular flames and intensity pulsations occurred when 8B0&6 of the inert was
helium. This provides only a very limited range of Lewis nwenlover which the
phenomenon could be studied.

Methane (CH) is a much more appropriate fuel for the generation of pideat
instabilities in diffusion flames. Its higher mass resuttsignificantly larger Lewis
numbers when mixed with He-GOmeaning that pulsations can be observed for a
large range of inert composition. Additionally, GHames emit much more light than
H, flames, allowing the use of higher acquisition rates. Foseheasons, the re-
sults presented in the remainder of this chapter are olataisieg exclusively methane
flames. The list of the burner parameters of the various flareed to gather the pic-
tures and signals presented in the following pages is givéatile 7.1, at the end of the
section.

In the sequence shown in figure 7.15 a methane flame analdgetsd previous
hydrogen flame is pulsating inside the quartz cylinder. T¢$eaf the cylinder allowed
the flame to be as unstretched as possible. For all such exgras, the outer flame
always went extinct very shortly after the onset of the ib#its. It was never possible
to observe sustainable intensity pulsations in this regfahne burner, probably because
of the strong concentration gradients. The observed flammewhat reduces in size
during the low intensity part of the cycle and expands baekatd the wall while
remaining planar. In figure 7.15 this is shown by the vertitzghed lines representing
the maximum extent of the flame observed during the highensity part of the cycle.
In this figure the flame appears to cover only about half of tinei cylinder diameter.
This effect is only a result of the limited sensitivity of tbemera used and the fact that
on the edges of the flame the light emission of the flame is iated over a shorter
length. With the naked eye, the flame was observed to extet oloser to the quartz
cylinder walls. Typical variations in the flame diameterasarded by the camera over
one pulsation cycle are on the orderahm.

When the quartz cylinder was present in the burner, it wag difficult to achieve
sustainable pulsating flames under certain conditions.nidia problem is that flames
with low velocity or created using mostly G@s the inert (the low frequency flames)
loose their flatness as soon as the pulsations begin to grampiitude. In flames
pulsating at a higher frequency, the very uniform specisgitution means that the
whole flame reaches instability at the same time. As a rethdtamplitude of the
instability grows very quickly often leading to flame extiion. This complicates the
use of a large parameter range and motivated the comparigbe pulsating flames
generated with and without the quartz cylinder in the burner
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Figure 7.16: Pulsation in a methane flame without the innartgicylinder present.
As the flame increase intensity, it expands in the leanerdnedges and dips down as
aresult.

When the instabilities were allowed to develop unimpedetha chamber, the
edges of the flames were seen to dip downward during the highsity part of the
cycle. This can be seen in the sequence presented in figueelr.the high intensity
part of the cycle, the flame expands in the periphery of thaibhgrchamber where the
lower mixture strength pushes the edges of the flame dowrrttathe fuel side.

Itis without surprise that the parameters affecting themitage of this phenomenon
are those suspected to play a role in the extent of velocitlyspecies boundary lay-
ers present near the walls. For instance, if the bulk vejldsiincreased relative to
the situation presented in figure 7.16, the edges of the flamain almost stationary
throughout the cycle. This can be seen in the sequence peddsarfigure 7.17 where
the velocity is19.42 mm/s, compared td3.87 mm/s for the previously mentioned
flame. In general, this behavior of the flame edges was always pronounced in
flames pulsating at a lower frequency. When comparing battpthsation amplitude
and frequency, no difference were measured between thedlamated with and with-
out the quartz cylinder in the burner. Consequently, sihaéidws the investigation of
a wider range of parameters, the results presented in thti®savere realized mostly
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Figure 7.17: Pulsation in a methane flame without the innartglcylinder present.
The burner parameters are chosen to reduce the wings onnedldges.

without the inner cylinder.

Examples of the variation of the measured flame light emisai@ presented in
figure 7.4.1. In some of the flames observed, the onset of 8takility is quickly
followed by a period of rapid growth of the pulsation ampliéuwhich leads to flame
extinction. This behavior was particularly observed in m@dely low frequency (1-
3 Hz) pulsating flames (hydrogen flames, flames with low bulwgloand in flames
generated with the inner quartz cylinder present. A typit&nsity variation for these
flames from the onset to flame extinction is presented in figur&(a). In other flames,
at the threshold of the instability, it was possible to olisgrulsation spontaneously ap-
pear and dampen by themselves. The reduction in the pulsatiplitude of one such
flame is presented in figure 7.18(b). Spatial inhomogersditi¢he burner sometimes
resulted in two regions of the flame pulsating at slightlyadiént frequencies or at the
same frequency but out of phase. An example is presentedurefig18(c), with a
modulation in the integrated light signal gathered resglfrom the interference be-
tween the two frequencies. However, for the majority of thsutts presented here
focusing on the frequency of the oscillations, the signabusas that of saturated and
steady-state oscillations. In several cases, the burmeneders were kept constant for
close to one hour while different measurements were takéhrowi measurable change
in the pulsation frequency.

As the intensity of the chemical reaction oscillates in #ection sheet, so does the
heat released. This has an effect on the fluid mechanics dfuttreer and results in a
variation of the flame position coupled with the variationtle¢ flame intensity. The
results presented in figure 7.4.1 show this effect for two édavith different operating
parameters. Naturally, the magnitude of this effect dep@mdthe relative importance
of heat release when compared to bulk velocity. In high vgldames, which tend
to pulsate at relatively high frequencies, this effect ltssim variations of the flame
position on the order 0.5 mm and is not visible to the naked eye. When the bulk
flow and the pulsation frequency is lower however, the flanstipm often changes by
over2 mm between the high and low intensity part of the cycle. li$® anteresting to
notice that the intensity and position variations are alimophase at high frequencies
but drastically out of phase at low frequencies. This sutggest at high frequency the
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Figure 7.18: Variation of the flame intensity for differegpes of pulsations. a) Pul-
sation with rapid growth in amplitude, quickly leading tatiextion. b) Damping of

pulsations. c) Pulsating flame with two competing frequesicid) Stable intensity
pulsations.

decrease in heat release is too brief for a new equilibriubetreached in the chamber
before it increases again.

Contrary to cellular flames, in the case of the intensity g@iid® instability, the
flame front remains homogeneous spatially. This means ffeties concentration
profiles can be taken reliably in unstable flames without eomc¢hat the particular
location chosen is not representative of the whole flametsi®&eh reactant concen-
tration profiles taken in two flame with only small to moderateplitude pulsations
are presented in figure 7.20. For these particular flameslispgacement of the flame
front during the oscillation is small enough not affect siigantly the spatial resolution
of the measurement. From these profiles the reactant leétkageyh the reaction sheet
is important, as was the case for flames very close to the ofsetlular instabilities.

This again indicate that at least some degree of reactannpiiag occurs for these
pulsating flames.

7.4.2 Pulsation frequency scaling

In order to determine the pulsation frequency and ampliaglaccurately as possible,
the raw intensity signal is processed to ensure a reliahtester to the frequency do-
main. All of the signal processing operations mentionee laee implemented using
the MATLAB environment. The frequency signal is obtainetbtigh the MATLAB
implementation of the fast Fourier transform (FFT) , an éffit algorithm to compute
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Figure 7.20: Concentration profiles showing the reactaaktdge across two pulsating
flames. The same virtual origin was used for the two flamesymed using different
inert composition, explaining their different mixtureestigth. The flame parameters
corresponding to the open and filled symbols are listed iletald are listed under a)
and b), respectively.
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Figure U % CH, Inert Le, | Ley 10} f
[mm/s] [%He] | [%CO,] | [] [] [1 | [hz]
7.16 13.87 11.5 40 60 1.05 | 0.95 | 0.62 | 2.62
7.17 19.42 11.0 75 25 1.23 | 1.08 | 0.95 | 5.81
7.18(a)|| 19.42 11.0 75 25 1.23 | 1.08 | 0.95 | 5.81
7.18(b) || 13.87 11.0 15 85 0.96 | 0.88 - 1.04
7.18(c) 13.87 12.5 90 10 1.41 | 1.16 | 1.31 | 7.21
7.18(d)|| 13.87 12.5 85 15 1.33 | 1.13 | 1.18 | 6.97
7.19(a) 13.87 12.5 90 10 1.41 | 1.16 | 1.31 | 7.21
7.19(b) || 13.87 12.0 20 80 0.95 | 0.86 | 0.89 | 0.86
7.20(a)|| 13.87 12.0 50 50 1.09 | 0.99 | 0.81 | 3.67
7.20(b) || 13.87 12.0 0 100 0.91 | 0.82 | 0.57 | 0.73

Table 7.1: Burner parameters for the flames presented iilmséct.1. All of the flames
are realized using CHas the fuelU is the bulk flow velocity andf the measured
pulsation frequency. The symbol [-] is used when the dataisawailable.

the discrete Fourier transform (DFT) of the temporal sigfiéile procedure used starts
by removing the unwanted frequencies in the signal. Of paldr concern is the very
low frequency modulatiohof the average measured light intensity which can cause
problems in the frequency analysis. This is done throughuieeof a finite impulse
response (FIR) bandpass filter. The filter parameters argechtm ensure that both
the main frequency and the first harmonic remain intact stheeratio of these two
quantities is of interest in weakly non-linear stabilitgdny.

Itis also necessary to address the spectral leakage augimrihe discrete Fourier
transform (DFT) caused by the finite length of the availalg@al. This effect stems
from the DFT assumption that the signal is periodic. Theltésithat some of the
signal energy end up in frequencies not present in the sarfipke issue is addressed
by multiplying the signal with a window function of the sanemgth that falls to zero
on both ends. This forces periodicity even if the first and Vatues of the signal are
not equal, attenuating the secondary peaks in the frequiEnmagin. The Hann window
is used here, providing a relative side lobe attenuatior8@fdb for the1250 samples
long signals typically used here. An example of signal of 8antensity before and
after application of the bandpass filter and the Hann windowresented in figure
7.21(a).

In order to obtain the pulsation amplitude from the freqyesignal, a dummy
cosines signal was used. This reference was constructegl agnown amplitude and
a frequency close to the actual frequency of the signal. aheedfilters were then ap-
plied to the reference dummy and the flame pulsation sigsataa be seen in figure
7.21(b). The ratio of the filtered and unfiltered amplitudéshe fundamental fre-
quency peak in the dummy was then used to calculate the trpétade of the flame
intensity pulsation from its filtered spectral represdotat This is illustrated by the
sample Fourier transforms presented in figures 7.21(c) aat{d). The flame used

2This modulation is on the ordér.1 Hz and is observed in many signals. It was often found to be the
results of variations in the aspect of the flames edges dovdswaotion during the high intensity part of the
cycle, mentioned in section 7.4.1. The cause is therefdaerbto low frequency unsteadiness in the burning
chamber boundary layers and is not expected to influencestitamental pulsation frequency.
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for the example of figure 7.4.2 pulsate$at8 Hz with an amplitude in the maximum
measured pixel value &£.71. Relative to the average maximum light emission mea-
sured, this corresponds to a variation10f2%. The flame used had a bulk flow of
16.65 mm/s containingl0.5% CH, by volume. The inert composition wa$% He
with the remainder of C@ yielding Lewis numbers ofe, = 1.25 andLey = 1.09.

Results from linear stability analysis

Results from the linear stability analysis of the thermiffiudive instabilities in the ide-
alized one dimensional configuration reveal that the pigsdtequency should scale
following equation 7.2 [71]. Here the parameteris the imaginary part of the growth
rate of the most unstable disturbance at the marginallyessiate.

U2
f~ 27TD—thw1 (7.2)

The termU?/D,;, represents diffusion frequencyvith which the observed pulsa-
tion frequency should scale if it is assumed as a first appration that the parameter
wy is constant The experimental results gathered to clarify the scalfitgepulsation
frequency can be grouped in two categories. In the first thie \®locity is constant
and the inert composition is varied, while the opposite peine for the second. In
figure 7.22, both datasets are plotted against the diffisémuency evaluated with the
mixture transport properties measured at the flame. If thatian of the parametes;
could be neglected, the experimentally measured frequsiayld increase linearly
with the diffusion frequency but the opposite is observed.

The results of figure 7.22 indicate that contrary to what wascase for the cellular
flames (section 7.3), for pulsation instabilities the pagtendependence of the growth
rate (v in this case) needs to be considered in the scaling of thelitisy. w; can only
be obtained numerically from the dispersion relationshig depends on the dimen-
sionless parameters used in the analybs,(¢, Ley, Le,,0). Hered is the activation
energy parameter or Zeldovich number. Unfortunately, teine of the dependence
of w; on these characteristic flame parameters is unknown, wétimdimerical results
found in the literature being valid only for specific sitwats [71, 45].

Dimensional analysis

When facing such a problem involving a large number of phatgiarameters, it is often
useful to use the principle of dimensional analysis to idettie dimensionless groups
governing the phenomenon. From the theoretical investigaimentioned previously
and from physical reasoning, the pulsation frequency caexpected to depend upon
the parameters listed in table 7.2. Generally speakingetiparameters account for
the amount of heat supplied and the ability of the system &c@ate it away from the
reaction zone. Other parameters might be involved and doellddded to refine the
model in further iterations.

Using the parameters of table 7.2, two dimensionless groapse formed using
the Buckingham-Pi theorem. The first onefis D,;,/U?, which is the pulsation fre-
quency divided by the diffusion frequency mentioned abdvee second i€, » T's/U?
and expresses the amount of chemical energy released iaabton zone. The rela-
tionship between the two is plotted in figure 7.23, showiregf these two parameters

3A similar approximation was quite successful for the scabifithe cell size in the cellular flames treated
in section 7.3
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Figure 7.21: Treatments and Fourier transform of intersgpal. a) Raw input signal
(- — 9 and filtered signal<{). b) Dummy reference signal before £ - and after

filtering (—). (c), (d) Frequency domain representation of the signditaa reference
dummy, respectively.
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Figure 7.22: Pulsation frequency scaling with the diffasicequency. The data does
not scale as expected from the linear stability theory whermparameter; is assumed
constant.

| Name || Symbol | Units
Pulsation frequency,| f st
Thermal diffusivity || Dy, m? st
Bulk velocity u ms!
Specific heat C, Jkg!Kt=m?s?K!
Flame Temperaturg| T, K

Table 7.2: List of parameters considered for the dimensianalysis of the pulsation
frequency scaling.

are not related by a simple power law, except at the largelegaof the heat release pa-
rameter. Other quantities involved in the phenomenon anéholuded in the analysis
can be responsible for the scatter observed. For instars anly data points having
similar values for botlp, Le, andLey, the linear relationship becomes clearer, as can
be seen from the third dataset plotted in figure 7.23. Acomigli assuming constant
Lewis numbers and mixture strength, the influence of the fal&city vanishes and
the pulsation frequency can be expressed as:

F= Sl (7.9
th

These results offer only limited insight on the phenomerfanting that some
other relevant parameter was overlooked in the dimensamallysis. The groug *
Dy, /U? appears the proper dimensionless form for the frequencgiusecits value
varies around unity buf, = 7'+/U? is suspicious because of its extremely large mag-
nitude. As an alternative dimensionless expression of tieenical heat release, the
Damkohler number given in equation 3.20 is promising a®ittains the Arrhenius
factor which can possibly account for the non-power lawtiefeof figure 7.23.
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Figure 7.23: Pulsation frequency scaling obtained fromatigional analysis, with both
the dataset gathered at constant inert compositigm(d constant velocityz) shown.
The agreement between the two datasets is best when the flatheerstrength is
similar (»).

Scaling with Damkodhler number

The experimental determination of the Damkdhler numbapidrivial, as can be seen
by the large number of parameters involved in its definitimproduced in equation
7.4. The main difficulty resides in finding suitable values fioe activation energy
E and the Arrhenius pre-exponential facir The activation energy is especially
troublesome since it must be determined experimentally fnoeasured reaction rate
constants. The data available in the literature for methsutienited [164] and valid
only for specific reaction temperature and valud3ofThis pre-exponential factds
can be estimated analytically but often differs signifitafriom experimental values.
Fortunately, it exhibits only a limited dependence on terapge and is not a important
term in the Dankohler number expression.
A ROT, \? Ve, W
( E ) qROWy

In equation 7.4, the terms expected to have a dominatingeinélelin the change of
the Damkohler number between the flames studied her®ayé/?, (R°T,/E)? and
especiallyexp(-E/R°T,). Accordingly and because of the restrictions on the avail-
able data, all of the other parameters didre assumed constant. The Damkohler
number used in this section is a relative one, calculateld mispect to a flame arbi-
trarily selected in the available dataset and assumed te hav= 1. The measured
dimensionless frequendyx D,;,/U? as a function of this Damkohler number is shown
in figure 7.24(a). In this figure, the correlation is much elo® a power law than in the
previous cases. However it appears that, as in section, T 2wo datasets gathered
using constant mixture properties and constant velocit lzgpproximately the same
power law exponent but different pre-factors.

The first clues explaining this difference were found aftgstematic visual in-
spection of the videos. The spread observed in the data akfig24(a) was found
to be correlated to the difference in amplitude between #réus pulsating flames

D

“ T pacyU? PBX{ -0 exp(-E/RT,) (7.4)
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measured. As a initial approach, the video were simply cairgd as almost stable
(weakly pulsating), pulsating and almost extinct (high &tage pulsations). The re-
sults plotted in figure 7.24(a) show a clear correlation fottaee types of flames,

with a slope in the log-log graph roughly equalté. Most of the data available was
comprised of steady-state pulsation of medium amplitudabge flames with similar
aspect were desired to avoid saturation and under expositithe videos. Using only

this dataset of flames with similar pulsation amplitudes,féilowing correlation was

found (plotted with the solid line in figure 7.24(a)):

J D
U2

The dimensionless frequency therefore scales roughly thalsquare root of the
Damkohler number, at constant amplitude. The coefficiédeterminationz? of this
correlation is excellent at 0.97. For simplicity, the sguiarot of Da will be used as an
approximation when further refining this correlation. Unifmately, it was impossible
to gather enough data points to verify if this relation dtitild true for very high or
very low pulsation amplitudes. The high amplitude flamesdé#ffecult to capture since
they often quickly lead to extinction. On the other hand, Bwplitude flames are hard
to identify without complex video analysis. They are usydiscarded as stable from
visual inspection during the experiment, except duringesystic experiments on the
instability onset. The few data points available with flantse to the marginal state
seem to indicate that a similar relationship can be fountasé conditions.

The amplitude was measured quantitatively following thehtéque described at
the beginning of section 7.4.2 with the resulting data plbtin figure 7.24(b). The
trend observed with the naked eye in the videos is visibleigfigure, with the flames
close to the marginally stable state having an amplitudestdan the average. The
flame identified as close to extinction have an amplitudeifsagmtly greater that the
flames used to define the correlation of equation 7.5. Theelighmplitudes mea-
sured represent a variation in the measured light emissjoaléo over125% the av-
erage value. In figure 7.24(c), the variation of the ampétigishown as a function of
the constant in equation 7.5, using an approximate valuebofor the power of the
Damkohler number.

The limit-cycle oscillations observed are believed to besult of supercritical
Hopf bifurcation, like in the premixed configuration [165This belief is confirmed
by the substantial reactant leakage measured and reporfigdiie 7.20 and 7.8, indi-
cating some degree of premixing associated with the ingtabi If it is the case, the
Stuart-Landau weakly non-linear stability theory [166pkgs close to the bifurcation
and predicts that the square of the oscillation amplitudmihscale with the bifur-
cation parameter. Using the correlation defined in equatiényields the following
relationship:

=0.909 * Da"*° (7.5)

fDin

U2\/Da

Wheree is the pulsation amplitude. This theoretical predictiomplistted as the
solid line in figure 7.24(c). The constard is the dimensionless frequency divided

= Cp + ae? (7.6)

by \/E when the amplitude is zero, corresponding to the margirsfiple state.
This value could be estimated directly from the availablgegimental data at very low
amplitude. The value of the parametewas then determined through the correlation
found with the whole experimental dataset. By adjustinguilee of Cy slightly to
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maximize the correlation coefficient, it was possible toieet a correlation in qualita-
tive agreement with the theoretical prediction, with thepéitade raised to the power
1.67. However, theR? for the correlation remained low at abdué. It should be em-

phasized here that the confidence in the amplitude datargativethis experiment is
limited because mainly of the spatial integration imposgthie acquisition technique
used (see section 7.4.2).

The ratio of the fundamental to the first harmonic of measurgghsity signal was
also calculated. According to weakly non-linear stabititgory, the amplitude of the
first harmonic should be proportional to the square of theliénae of the fundamen-
tal. Attempts were made to verify this relationship, but évailable amplitude data
proved too unreliable to yield conclusive results. The igpaitegration of the flame
light emission inherent to the acquisition method used¢hases an amplitude modu-
lation when two regions of the burner pulsate at slightlyedént frequencies or out of
phase. An example of such a modulated signal is given in figuré(c). Refinements
in the experiment should be implemented to investigate mdeeply the role of the
pulsation amplitude in the frequency scaling. Such refimgmshould include tech-
niques allowing spatially resolved measurements of trensity variation with a wide
dynamic range. Recent development in sensitive temperateasurements based on
optical techniques offering the required bandwidth is axsing prospective solution
towards this goal.
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Figure 7.24: a) Scaling of the pulsation frequency with tlaeridhler number, with the
different flame types observed: almost stalies), medium amplitude pulsationsi(

=) and almost extinct4, »). The open and filled symbols are from datasets gathered
at constant inert inert composition and constant velocégpectively. b) Measured
pulsation amplitude for the data in (a). c¢) Scaling takingp iaccount the pulsation
amplitude, withCy = 0.05 used.



Chapter 8

Conclusions and outlook

The burner presented in this thesis has evolved from thesfiggtrimental realization
of a one-dimensional chambered diffusion flame [55, 96]. itvel symmetric design
of the reactant supply to the combustion chamber allowsnestigation of the effect
of bulk flow magnitude and direction on a diffusion flame in #idesence of signifi-
cant strain. The improvements introduced in the presersiaeiof the burner allow
a reduction of the parasitic flame curvature and residuairststbserved in the initial
implementation of the design. One important innovatiomésuse of a quartz cylinder
placed inside the burning chamber to separate the more temeogs central portion
from the edges where velocity, species and temperaturéegitacexist. The result is
the creation of a very flat flame inside the cylinder, wherettedl measurements are
carried out.

The practical difficulty with this design which is due to thekmown proportion of
fuel and/or oxidant lost into the exhausts has been overdpntiee systematic use of
mass spectroscopy in the combustion chamber. The key taitteessful use of the
mass spectrometer in this situation with large concentnatariations is an innovative
calibration procedure which yields continuous conceitngprofiles of the four or five
species present in the burner and permits the determinafitite effective mixture
strength of the flame. The relative error in the measurenfeéhtoimportant flame pa-
rameter is estimated to be on the order of 5%, a precisiorcthdd not be approached
without the novel calibration developed in this study.

In addition to the mass spectrometric measurements, detktdiaracterization of
the burner and flame produced has been achieved by usingadiexperimental tech-
niques. The fluid flow in the burner has been measured using &Ahas allowed
a precise quantification of the residual strain experiermethe flame front, which
was determined to be belowl5 s'. The flame temperature was determined using
thermocouple probes, constructed to avoid conductiomfasd catalytic effects. The
radiation corrected maximum measured temperature agteawi K with the flame
temperature as determined from numerical adiabatic ctionls. The measurements
regarding the homogeneity of the species and temperatsiébdiion in the central
part of the burner have revealed deviations bel@wK in the flame temperature and
10 % in the counter-diffusing species volume fraction at thermtary. The good agree-
ment between the present experiments and the simple theadthyef flame position, the
temperature and the species concentration profiles deratesthat our new symmet-
ric burner is a good approximation of a chambered one-dirnrakdiffusion flame,
with one species transported against the bulk flow by diffiusinly.

123
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The central contribution of this study has been the quaiviaocumentation and
analysis of thermal-diffusive instabilities close to extion. The use of a two inert
mixture (helium and C@) as dilution for the reactants has allowed a wide range of
Lewis numbers to be investigated. The type of instabilibleserved close to extinction
has been mapped in the Lewis number parameter space foryuribgen and methane
flames burning with oxygen. In hydrogen flames, a cellularcstire was observed for
the low Lewis numbers associated with a dilution gas coredrimostly of CQ. The
characteristic size of the cellular pattern was observegrdéav as the Lewis number
increased when COwas replaced by helium in the inert. It ranged from aboatm
for flames diluted in pure C£to 15 when mostly helium was used. The cell size scaled
rather close to linearly with the diffusion length, in good agreement with theoretical
predictions.

The transition from cellular to intensity pulsations as tteminant mode of in-
stability close to extinction occurred for hydrogen flamdsew80% of the dilution
mixture was helium. The weak light emission of theseptlsating flames prevented
their detailed investigation and methane flames where wsstutly the phenomenon
for the first time in an essentially unstrained setting. &tids frequencies in the range
of 0.6 to 11 Hz were observed in these flames using the same two inertslditiod.

A correlation was found for the scaling of the pulsation freqcy as a function of the
flame parameters: the pulsation frequency multiplied bytieemal diffusion time was
found to scale approximately with the square root of the Damde number.

For the first time, theoreticians now have experimental aatenstrained diffusion
flames available to validate their models. Direct comparisetween observations and
the theoretical predictions is however not trivial beyonidatvhas been done in this
thesis because of the limited parameter range which it isiplesto explore experi-
mentally. In the experiment, one also observes saturatetbsnavhile the theory is
presently limited to infinitesimal perturbations. Neveittss, with this in mind future
theoretical and numerical investigations can be desigpedifically to allow quantita-
tive comparisons.

On the definition of the mixture strength ¢

The experimental results gathered in this thesis have leehe limitations of the
currently used definition of the mixture strength The virtual origin technique im-
plemented in section 6.5 to compensate for the velocity osithe induced variation
of the boundary conditions while keeping a constaiiltustrates the arbitrary nature
of this definition. Thep stays constant because the concentration of the oxidame at t
boundary has not changed, but the distance between the fladnde boundary has
changed. Surely from thiéame point of vievthe situation must be different.

Let's consider an example in the configuration most fregyersed in this thesis,
with the oxidant counter-diffusing against the bulk flow.rogiven flame a certain
amount of oxidant is present at the boundary, of which onlgaatfon will manage to
reach the reaction zone. Now, to compensate for the inciaabe oxidant volume
fraction at the boundary following a decrease in bulk vejoe new virtual origin
is taken upstream of the initial boundary position. At théswlocation, the amount
of oxidant is the same as in the previous case; What has ctiasdlee value of the
exponential in the concentration profile of equation 3.11% @efinition of the mixture
strength should therefore include not only how much of thenter-diffusing reactant
is supplied but also how it is supplied. As new quantity, fustance the maximum
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slope of the mass fraction of the counter-diffusing speeiethe flame, might be a
useful and physically more meaningful measure of the rdttb@supplied fuel to the
available oxidant, weighted by the stoichiometric ratio.

Future work

The numerous improvementsimplemented and the detaileddesization carried out
in the new version of the burner have yielded a clear pictfita@configuration pre-
sented in this thesis. Refinements are still possible anelleen identified to bring this
experimental realization still closer to the idealized @if@ensional construct. One of
the main issues is the management of heat losses, paryciiahe chimney since
they are believed to be at the origin of the most detrimentdl effects observed in
the burner, that is the variation in the counter-diffusipgaes boundary condition.
Resulting in flame front curvature and residual stretch. Qgtéon to improve this sit-
uation would be to use a fluid or paste with a high thermal cotidty in the chimney
to improve the heat transfer between the injection and etitratubes. The use of elec-
trical heating in this region of the burner is also a possdaleition, but in both cases
temperature inhomogeneities will probably remain, aliviih a lower magnitude than
is currently observed. A more definitive solution to thissssvould be to place if not
the whole burner, at least the chimney in an oven heated ttethperature of the ex-
haust gas. This would however require a considerable iseri@ahe complexity of the
experiment to maintain optical and physical probing acte#se combustion chamber.

The use of more advanced experimental techniques couldchalpao resolve re-
maining issues. In particular, laser based temperaturspecies measurements could
provide a drastic improvement in dynamic range of the measant of planar inten-
sity pulsations. This is of course provided that sufficiesutdhwidth could be achieved
to temporally resolve the phenomenon. The technique wolstd @low the spatial
resolution of the pulsation, avoiding the problems enceret with spatially integrat-
ing techniques such as the one used in this thesis when falts flame pulsate out
of phase with each other. The results gathered in this wayidumare importantly
provide a reliable measurement of the pulsation amplitadleyving more in-depth
analysis on the nature of the instabilities present anad#@brgy. Using such techniques
might also permit to further investigate very weakly lumisgghenomena that could
only be observed with the naked eye in this study, such aspaits or rotating spirals
in hydrogen flames.

The effect of heat loss to the injection array on the thernfélgve instability is
also difficult to evaluate in this experiment, but is likedyttave a significant effect. At-
tempts to quantify this process, either experimentallyralgtically, would be useful
since heat loss is known to play a role in thermal-diffusiv@abilities. For instance,
Cheatham and Matalon [167] have demonstrated that injeosdtllation can be trig-
gered both by high Lewis number without heat loss and by higdt toss, even for
relatively small Lewis numbers.

The symmetric burner design introduced here is in partiaitaed at the first in-
vestigation of a purely diffusive unstrained flame in theozleulk flow limit. Exper-
iments have been conducted to generate such a flame but harehwith success.
These attempts involved starting with a stable flame and # buoi& flow, then open
the extraction plenum of the advected species to removeulikdlbw by allowing the
products to escape symmetrically. However, as this haghehe flame always col-
lapsed on one of the injection arrays, either partially daltg. Once this condition
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developed, it was very difficult or impossible to stabilire flame front in the middle
of the burner, even after one of the exhaust plenums was atgsiad. More experi-
ments need to be made before the realization of such a puftlgide flame without

bulk flow can be ruled out. Perhaps some kind of active corgn@quired in the pres-
sure drop between the exhaust plenums. It might also belusdfy placing different

devices inside the burning chamber to keep the flow one diimealsand prevent the
formation of convection cells believed to be at the origitref partial flame front col-
lapse. A honeycomb structure might be useful for this taskerAatively, the burner
could be lit with both exhausts already open. This last optvas not tried during the
intense measurement sessions leading to this thesis fothaathe stronger explo-
sions resulting from ignition in a quiescent chamber witargér volume of explosive
mixture would damage the equipment.

Research opportunities

The novel burner configuration presented in this thesis Imsleen used so far to
investigate thermal-diffusive instabilities in the absef strain. However, the possi-
bility to generate such unstrained diffusion flames alsersfiew and unique opportu-
nities in other fields of research. For example, to genefateap intensity pulsations,
rich methane flames were produced and the formation of aynigiinous soot layer
on the fuel side of the flame was noticed. A snapshot is shoviigime 8.1 where a
bright yellow band is visible below the flame. The conditiamsler which this chance
observation was made could be optimized specifically to awpthe one-dimensional
character of the soot layer. The burner design used in taggttould therefore be used
as a new tool to investigate the effect of strain and in paldicthe absence of strain on
the formation of soot in hydrocarbon flames. Research onubgst has so far been
limited to flame configurations where strain is always prepésy 168].

10 mm

Figure 8.1: Chance observation of a soot layer forming onftie¢ side of a rich
methane flame.

Diffusion flames of methane and oxygen can also used for theéyation of car-
bon nanotubes [169]. This discovery was made while invastig the effect of the
the strain rate on the microstructure of the soot formed io@posed jet flame. The
technique is novel because it provides a means to contitypreduce this promising
material, in contrast to the batch processes typically tgddy. The strain has been
observed to have an effect of the structure of the carboteskiformed. An unstrained
flame would therefore be a useful research tool to inve&itied parameters relevant
to carbon nanotubes formation in diffusion flames withoubdgnamic perturbations.



Appendix A

Mass spectrometer system
analysis

The initial trials of the instrumerinh situ revealed that its complex and sometimes un-
predictable response to the numerous complicating aspétiss experiment (wide
concentration range, presence of reactive species, etujdwequire a detailed anal-
ysis of the system to understand its intricacies. In thisieecthe pressures and flow
rates through the different components of the mass speetesrare determined. This
will allow in the next two section the identification of theusoes of non-linearity and
the implementation of an appropriate calibration procedur

This mass spectrometer is designed to be able to sample gagesidirectly at
atmospheric pressure. Before analysis, the pressure sathple must the be lowered
drastically to bring it to a state where the molecules arefenrugh apart to stop inter-
acting with each other. Such a rarefied gas is said to be inaulaleflow, its motion no
longer governed by pressure differentials but only by timelcen kinetic velocity of the
atoms and molecules it contains. This velocity of the mdlzwill play a critical role
in the dynamics of the sample transmission between therdiftgarts of the system.
The velocity distribution of the molecules in a gas follolve Maxwell-Boltzmann dis-
tribution and quantities such as the mean speed of the mekguwill characterize
the gas ability to move in free molecular flow.

8T S8RT
Vo =\ T =\ T (A1)

Herex = R/N 4 = 1.38¢—-23 is the Boltzmann constank, = 8.3144 the perfect gas
constant, N4 = 6.022¢23 Avogadro’s number]’ the temperaturen. the mass of the
particle andM the molecular weight. From this equation, it is obvious tihat mean
speed and hence many features of the system, is gas specifihhefhumerical appli-
cations presented in this section, the mean molecular sple€d, at 300 K, which
is 379.9 m/s, will be used since this species usually makes up mosteofrtixtures
analyzed.

A.1 Working pressures

To verify that the molecular flow assumption is reasonabietie different parts of
the system, it is necessary to compare the mean free pathf the molecules with a
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characteristic length scale)( The resulting ratio is called the Knudsen number (Kn)
and forK'n > 1 a gas can be considered in free molecular flow. ar< 0.01 the flow

is considered viscous and the usual equations of fluid méchean be used. Between
those two extreme values correction factors can be apphiegither the viscous or
molecular equations to properly capture the transitoryneatf the flow.

L
T
J (A3)
V2rd? N4 P

In this system the temperature is regulated to avoid coradiemsso the mean free
path will be mostly a function of the pressure maintainedadifferent components of
the instrument. A schematic representation of the samplimbanalysis system of the
MKS Cirrus is presented in figure A.1. In vacuum systems, tityaof a channel to
allow the flow of gas is usually represented by the conduetéhid 70]. This quantity
corresponds to the rate of flow (throughp@tper unit of pressure difference between
the two ends of the channel. The units of the conductaneé’js so the throughput
Q is not a volumetric flow rate, it is a quantity that illustraitbe mass flow, a pressure
multiplied by a volume.

Q
C-pip (A.4)

The components used to create three successive presspsardtioe sample as itis
transported towards the mass filter are presented with ¢banluctances in table A.1.
The resulting pressure variation experienced by the saamehe associated change
in the mean free path are summarized in table A.2. The valitbe @ressures at point
B was communicated by the manufacturer and a total presauigegyives the pressure
in the vacuum chamber D. The rest of the values had to de dietedranalytically.

| Capillary Input | Bypass| Ion Source | Mass Filter Detector

®

©

|
RN R
O
®\
\ vy ©

Diaphragm Turbumolecular

@/' Pump Pump

Figure A.1: Schematic representation of the vacuum sysfdtreanass spectrometer.
1. The capillary input, 2. Bypass line, 3. Orifice, 4. loniaatchamber, 5. Exhaust
line. The conductances and pressures of the various comismare presented in tables
A.land A.2.

6
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Component || Labelin figure A.1| Conductance
[m3/s]
Capillary line 1 3.41e-9
Orifice plate 3 6.71e-8
lon source 4 2.23e-4

Table A.1: Conductance values (for ¢dor the different components of the vacuum
system

Region _Label Pressure Mean Kn
fig. A.l Free Path

Nominal | Measured

[mbar] [mbar] [m] [
Sampling A 970 970 6.02e-8 | 6.02e-4
Bypass B 5 5 11.66e-6 0.78
lon. Chamber C 1.51e-3 1.50e-3 38.33e-3 | 38.33
Vacuum chamber D le-5 de-6 9.60 192

Table A.2: Values of pressures and mean free paths throa¢fuacuum system.

As can be seen in table A.2 the flow at the sampling end of thi#lagpis obvi-
ously viscous. The expression given in equation A.6 for thlemetric flow rate and
the conductance of the capillary can therefore be estimatied) the Hagen-Poiseuille
equation A.6[171]. This requires the flow to be laminar ad & verified once the
flow rate is known. Her& is the volumetric flow rate; = 0.05mm is the radius of the
tube,l its length and: the dynamic viscosity. Here the terf), the average pressure,
is added to yield a mass flow rafeconsistent with the rest of our development. This
relation is only an approximation since thermal and congbd#y effects can signifi-
cantly change the result [172, 173, 174], but will be suffitier a first approach.

71'7’4

4
wr
CCapil = 8—/Ll Pa (A6)

Using this conductance, adding the conductance from thadsyjine 2 in fig. A.1,
and using the specifications of the bypass pump, it is pastildetermine the pressure
in the bypass chamber, labeled B in figure A.1. This pressuimportant because
it controls the flow rate inserted in the ionization chambed &ence its operating
pressure. Using various models to evaluate the conduct#rtbe bypass line in the
transition regime &n ~ 0.05)[175], the pressure in the bypass chamber was estimated
to be betweeri and2 mbar. These values are considerably lower than the nominal
value of5 mbar supplied my MKS. For the remainder of the calculatiting,bypass
chamber pressure was assumed t® Ingbar, considering it to be a safe upper bound
for this parameter. However, the implications of considgra lower value for this
pressure will be briefly discussed.
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The sample present in the bypass chamber is supplied to niaimn chamber
through a disk, labeled 3 in figure A.1, with an array of 4 ha&&5 ym diameter to
further reduce the pressure. The ion source enclosurd,4abeig. A.1, is pumped
through 3 holes of 1 mm diameter exiting in the main vacuunmidber pumped by
the turbomolecular pump. The pressure in this chamber igaéla through a total
pressure penning gauge. To determine the pressure ingdertization chamber, a
critical parameter to determine the nature of the ionizgpimcess, it is then necessary
to calculate the conductances of the orifice disk and thedance enclosure.

The conductance of a circular orifice, in the molecular flogimee, is given by
equation A.7, wherel is the area of the orifice ang, is the mean molecular speed.
The total conductance of the orifice platé{.) and ion source enclosure is then simply
found by summing the conductances of the individual holksvithg gas exchange in
each component. The resulting numerical values for the wciadces for C@at 300
K are given in table A.1.

1
COrifice = ZUaA (A7)

From the values of the mean free path and Knudsen numbersnpeésin table
A.1, one might argue that the flow in the orifice plate holesismolecular but actually
transitory. The value of{n = 0.78 (based on the orifice diameter) for @& in fact
a conservative estimate because all the other speciesgha@maller diameter, their
mean free path is longer. For example in the same situat®iKttudsen number for
hydrogen isl.41 and1.05 for both oxygen and argon. Moreover, a slight increase in
temperature also has the effect of increasing the mean &tbegmd Knudsen number.
For instance if heating is used to avoid condensation, dteih ds, the temperature in
the bypass region becom&® C and the Knudsen number for & 0.91. The values
for the hard sphere collision diameters of the various mdéscand atoms were found
in the literature[163].

Nevertheless, if we consider the viscous nature of the flothénorifice, the con-
ductance of this element can be determined using equati[it 76] assuming a negli-
gible plate thickness and isentropic gas expansion. Irettpigtiony is the isentropic
expansion factor, which is equal 1630 for CO, at room temperature[171]. The result-
ing viscous conductance of the 4 orifice of the plate&s.98¢ - 9 m?/s, so about 2.7
times more than in the molecular regime.

Ty ([ 2\
COT,Viscous = ? (,Y T 1) UaA (A8)

The pressure inside the ionization chamber is found by sglguccessively the
equation of the conductance A.4 between points B and C threke points C and D,
assuming a constant mass flow rate. Assuming that the flow lisamlar in the orifice
plate 3, the pressure in the ionization chambéri®e — 3 mbar. In the unlikely event
that the viscous regime dominates in the holes of this compbthe upper bound for
the pressure inside the ion source enclosue)ige—3 mbar. These values are obtained
assuming & mbar bypass chamber pressure. If the pressurenbar, the flow rate to
the ionization chamber is reduced and its pressure fal<Otwe — 4 mbar
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A.2 Sampling rate and ionization efficiency

The flow rate sucked from the flame can be found using the eapittonductance
determined in the previous section and equation A.4. Theltieg molar flow rate
is 131.92F - 9 mol/s. This corresponds tb77e - 4 SLPM, a negligible proportion
(< 1/507000) of the approximativelyt0 SLPM bulk flow in the burner.

The resulting velocity i$.432 m/s at the entrance arg3.83 m/s at the exit. This
implies a maximum Reynolds number based on the tube diarokfeep = Vd/v =
4.91, confirming that the flow is laminar since the very narrow srssction of the
tube.

The actual flow rate entering the ion source through the erffiate (label 3 in
figure A.1) is determined by considering the conductancekebrifice plate and the
ion source enclosure connected in series. The total impedan,; = 1/Cr,; Of this
part of the circuit can be found by adding the impedance obtifeee and ion source.

N S
Crot  Cor  Crs

Assuming molecular flow in the orifice, the resulting molecilow rate isl 3.45e—

9 mol/s, or8.10e15 molecules per seconds (the bypass ratio is then about 18lyiing
a9.81 bypass ratio. Considering that the total ionic currentctetkby the instrument
supplied with pure C@is approximately3.85e — 9 A, or 24.02¢9 charges per sec-
ond, this corresponds to a combined ionization and deteefficiency 0f2.96e — 4%.

In other words, for CQ@ one out of every337’000 molecules inserted in the vacuum
chamber is detected. These values rely on the assumptibththpressure in the by-
pass chamber is mbar. If instead we use thembar estimation from the hardware
specifications, we find a flow rate into the ionization chamdfe2.26e — 9 mol/s. In
this case, the bypass ratioi8.4 and the ionization efficiency.77e — 3% or one out
of every56’600 molecules ionized and detected.

For these flow rate calculations, the conductances of thadsyfine and the tur-
bomolecular pump inlet (labels 2 ant 5 in figure A.1) wherel@ated conservatively
using standard formulas[170, 175] and the available gedcaéinformation. They are
found to offer significantly less resistance to the gas floantthe capillary and the
orifice plate and hence play only a minor role in the final valaéthe pressures and
flow rates.

(A.9)






Appendix B

Possible reactant and inert
combinations

The choice of the reactants (hydrogen and methane) and ifnetium and C@) used
in the experiments presented in this thesis is the resutt if@ough selection process.
Two inerts are required to generate the range of transpopepties sought to cover
as much as possible of the Lewis humber parameter spacer @zbes combination
were considered to generate the largest possible rangevas$ lreimbers. The use
of noble gases for the inerts seemed very attractive at fasalse of their inherent
stability and reliable detection by mass spectrometry. &i@s, the use of two noble
gas as inerts plus the two reactants and the two produg@ é@id CQ) resulting from
carbon-based fuel combustion would require a 6 gas massrepeter calibration.
The complexity of this task forces the use of £&s one of the inerts for all carbon-
based fuels. For hydrogen, G@ust also be used to ensure that the flame emits enough
light to be visible. Other species with similar propertiesild be used, but COwas
used in hydrogen flames as well to avoid complications. Nérofor instance, which is
less stable than CQat high temperature, resulting in the formation of nitrogeides
that should be accounted for in the calibration procedure.

To produce the high Lewis numbers necessary to observedharihtensity pulsa-
tions described in section 7.4 required the use of eithenhiesls of light inerts. Both
of these choices had drawbacks that had to be weighted intoréied the optimal gas
combination. The light inert chosen was naturally heliuroéaese of its extremely low
molecular mass, very good high temperature stability afud@eble prices. The Lewis
numbers covered using these inerts and some other on ttifereni fuels burning in
hydrogen is given in figure B.1.

The use of heavier carbon-based fuels would necessitaasixe re-calibration of
the mass spectrometry system of the implementation of antdlechnique to measure
the effective mixture composition in the burning chambére3e heavier fuels are also
associated with increased source and mass filter foulingaadiqpole mass spectrom-
eters. The formation of soot in the chamber would also besareigpreventing optical
access to the chamber and necessitating frequent cleanup.
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Figure B.1: Lewis number parameter spaces covered usingpgd, methane and
butane as the fuel. The inert mixtures considered are He &nd(C), He and Ar ©),
He and Xe () and CQ and Xe ).



Appendix C

Nomenclature

Notation

Latin alphabet

B [m3/mol*s]

Cp [J/kg*K]

Dy []

D; [m?/s]

D = M(pCy)  [mPfs]

E [J/mol]

f [1/s]

K [1/s]

K. [1/s]

K, [1/s]

Ley = r/Dy []

Le, = k/D, []

Le (]

P [Pa]

q [J/kg]

Q [3/mol]

R [J/kg*mol]

T, (K]

U [m/s]

W [kg/mol]

Wi [kg/mol]

Xy []

Xo []

x [m]
Greek alphabet

€

Specific heat at constant pressure
Specific heat at constant pressure
Damkohler number

Diffusivity of speciesi

Thermal diffusivity

Activation energy

Pulsation frequency

Total stretch rate

Contribution of flame curvature to stretch rate
Strain rate

Lewis number of fuel

Lewis number of oxidant

Unique Lewis number or Lewis number of the most con-
sumed reactant

Pressure

Heat released per unit mass of fuel
Total heat released

Ideal gas constant
Adiabatic flame temperature

Bulk flow velocity

Mean molecular weight

Molecular weight of specie

Fuel mass fraction

Oxidizer mass fraction

Coordinate along burner length

[variable] Pulsation amplitude
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A [WIm*K]
vi ]

¢ ]

p  [kg/m’]
o ]

w  [molls]
wr []

Shorthand

CCA
E
EPFL
FWHM
ID
LDA
LIF
LMF
MBMS
oD
PPA
QMS
RD
RGA
SEM
SLPM
SLR
D

APPENDIX C. NOMENCLATURE

Thermal conductivity

Stoichiometric coefficient of species

Equivalence ratio (mixture strength)

Density

Real part critical growth rate in the marginal state
Chemical reaction rate

Imaginary part of critical growth rate in the marginaltgta

Constant current anemometry
Electron impact ionization

Swiss federal institute of technology, Lausanne
Full width half maximum

Inner diameter

Laser Doppler anemometry

Laser induced fluorescence
Laboratory of fluid mechanics
Molecular beam mass spectrometry
Outer diameter

Partial pressure analyzer
Quadrupole mass spectrometer
Reaction-diffusion

Residual gas analyzer

Secondary electron multiplier
Standard liters per minute

Single lens reflex

Thermal-diffusive
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