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SUMMARY

The propagation of premixed flames in turbulentvBds a problem of wide physical and
technological interest, with a significant litensguon their propagation speed and front
topology. While certain scalings and parametric eshefencies are well understood, a
variety of problems remain. One major challengel fawus of this thesis, is to model the
influence of fuel/oxidizer composition on turbuldmirning rates. This effect is due to
local imbalances between molecular transport ofisgeand heat caused by flow velocity
gradients and flame front curvature which are galhereferred to as “flame stretch”.
The study of this type of phenomena is particulactycial for understanding the
propagation characteristics and structure of hyemomirbulent premixed flames which
are important for the development of several futambustion technologies.

In most turbulent premixed flames of practical regt, chemical reactions that control
heat release are confined to thin, wrinkled, coateal and stretched reacting fronts that
separate unburned reactants from burned productassi€al explanations for
augmentation of turbulent burning rates by turbulesiocity fluctuations rely omglobal
arguments - i.e., the turbulent burning velocitgrease is directly proportional to the
increase in flame surface area and mean local igimaite along the flame. However, the
development of such global approaches is comptichjethe abundance of phenomena
influencing the propagation of turbulent premixddnfes, such as unsteadiness and
nonlinearity in the flame response to flow pertuidoas, turbulence generation due to gas
expansion across the flame, and the fact that zafemtense burning are often
accompanied by zones of extinction in high stretehsitivity flames, making it difficult

to clearly define a flame area. Emphasizing keyegowmg processes and cutting-off
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interesting but marginal phenomena appears to bessary to make further progress in
understanding the subject.

An alternative approach to understand turbulentvargation of burning rates is based
upon so-called “leading points”, which are intrzadly local properties of the turbulent
flame. Leading point concepts suggest that the eysical mechanism controlling
turbulent burning velocities of premixed flamegtie velocity of the points on the flame
that propagate farthest out into the reactantss fiostulated that modifications in the
overall turbulent combustion speed depend solelynodifications of the burning rate at
the leading points since an increase (decreagbeiaverage propagation speed of these
points causes more (less) flame area to be prodoebithd them. In this framework,
modeling of turbulent burning rates can be thowmhtonsisting of two sub-problems:
the modeling of (1) burning rates at the leadingisoand of (2) the dynamics/statistics
of the leading points in the turbulent flame. Thaimobjective of this thesis is to
critically address both aspects, providing valiolatand development of the physical
description put forward by leading point concepts.

To address the first sub-problem, a comparison é@twnumerical simulations of one-
dimensional laminar flames in different geometricahfigurations and statistics from a
database of direct numerical simulations (DNS)ataied. In this thesis, it is shown that
the leading portions of the turbulent flame froigpday a structure that on average can be
reproduced reasonably well by results obtained froodel geometries with the same
curvature. However, the comparison between modainiar flame computations and
highly curved flamelets is complicated by the pnegenegative (i.e., compressive) strain

rates due to of gas expansion across the flame.theorhighest turbulent intensity
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investigated, local consumption speed, curvatures flame thicknesses approach the
maximum values obtained by the laminar model genesgtwhile other cases display
substantially lower values.

To address the second sub-problem, the dynamidkme propagation in simplified
flow geometries is studied theoretically. Utilizingsults for Hamilton-Jacobi equations
from the Aubry-Mather theory, it is shown how theemll flame front progation under
certain conditions is controlled only by discreteirps on the flame. Based on these
results, definitions of leading points are proposed their dynamics is studied. These
results validate some basic ideas from leadingtpanguments, but also modify them
appreciably. For the simple case of a front propagan a one-dimensional shear flow,
these results clearly show that the front displaer@nspeed is controlled by velocity field
characteristics at discrete points on the flamg ariien the amplitude of the shear flow
is sufficiently large and does not vary too rapitgiytime. However, these points do not
generally lie on the farthest forward point of finent. On the contrary, for sufficiently
weak or unsteady flow perturbations, the front ldispment speed is not controlled by
discrete points, but rather by the entire spaistridution of the velocity field. For these
conditions, the leading points do not have any dynal significance in controlling the
front displacement speed. Finally, these resuksarty show that the effects of flame
curvature sensitivity in modifying the front disptanent speed can be successfully

interpreted in term of leading point concepts.
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CHAPTER 1
INTRODUCTION

1.1 Motivation

Combustion of fossil fuels currently supplies rolyg82% of the world’s total energy
needs and most projections forecast that the esgh@ntrease in power production by
other sources (renewables, nuclear, etc.) will eghs percentage to decrease only to
about 75% by 2035 [1]. However, increasingly stemigemission requirements, concerns
about the effect of carbon dioxide on climate cleaagd ensuring the security/stability of
the energy supply chain have created new techraabgnallenges and opportunities.
Most new combustion technologies tend to utilizebtilent lean premixed flames,
especially for ground based power production, [agln gas turbine engines. Premixed
flames occur when fuel and oxidizer are mixed hoamogisly before ignition while
turbulent flows are common at the high flow rategded to design combustion devices
with sufficient power density. In appropriate cingstances, lean flames emit very low
level of pollutants and thus provide an ideal cdatd for environmentally friendly
engines.

The interaction of turbulence and premixed flangesharacterized by a large range of
length scales and timescales [2]. First of all,reanting constant-density turbulence is in
itself a multiscale nonlinear phenomenon, whiclolags eddies of very different scales,
ranging from the scales of the entire flow to msoaller Kolmogorov scales. Secondly,
even a laminar flame is a multiscale nonlinear pinegnon because the rates of different

reactions within the flame may differ by severallens of magnitudes and depend



exponentially on temperature. Thirdly, chemical ctems interact with molecular
transport processes (mass diffusion and heat ggnsgfith each characterized by its own
length and time scales. The richness and complexitiyese physical phenomena explain
why premixed turbulent flame theory is still an og@oblem despite the long history of
industrial use, the knowledge of the underlyinggtgl laws and balance equations, and
the advancements in laser diagnostic techniquescangputer hardware/software [3].
With the exception of the simplest cases, such iswalte nonlinear problems are not
tractable either analytically or numerically evesing the most powerful computers
available today. Accordingly, simplified methodse aequired to evaluate the basic
characteristics of a premixed turbulent flame.

Problems related to the modeling of the multisced&ure of turbulent premixed flames
are exacerbated for fuel/oxidizer mixtures charactd by high reactivity and widely
different heat and species diffusivities, sucheas hydrogen/air flames. In fact, it is well
known that the propagation of turbulent premixesinies is substantially affected not

only by turbulence characteristics and laminar #aspeed,s , (defined in detail in the
next chapter), but also by the differences betwthermolecular diffusion coefficients of

the fuel, D, the oxidant,D,, and molecular thermal diffusivityd/(oc,), of the

mixture. Moverover, these effects are of importamcg only at weak, but also at

moderate and high turbulence intensities [4].

The study of these phenomena has a renewed urgameyhydrogen combustion plays a
substantial role in several future applicationse Timost obvious advantages of hydrogen
as a fuel over hydrocarbons are its potential tqioeluced from water or renewable

resources (e.g. biomass) and zero emissions obradibxide from its combustion.



Furthermore, hydrogen combustion is characterizgdhlgh burning velocities at
equivalence ratios far below the lean flammabiliityits of hydrocarbon-air mixtures [4].
This implies a relatively low flame temperature aasla consequence, a drastic reduction
in pollutant emissions (such as nitrogen oxide$)esE same features make & very
promising additive able to substantially improvee ttean burning performance of
conventional hydrocarbon. Finally, hydrogen comiamstalso plays a role in the
development of “clean coal” technologies that rely combustion of gasified coal,
commonly referred to as “synthesis gas” or “syngag”

With these motivations in mind, this thesis studieme of the mechanisms behind the
propagation and structure of turbulent premixedn#a. In particular, the so called
“leading point concept” approach is examined inadethis approach was specifically
devised in order to propose a description of theraction of turbulence and premixed
flames characterized by large differences betweassnand heat transport coefficients,
which is the focus of this thesis.

The subsequent section of this chapter reviewsaateexperimental data that exemplify
the influence of molecular transport coefficients @urbulent premixed flames
propagation and structure to further motivate tthesis work. This chapter then

concludes outlining the scope and organizatiomisfthesis.



1.2 Molecular transport effects on turbulent premixed lame propagation and
structure: experimental evidence

This section reviews a few experimental studies ithestrate the influence of molecular
transport coefficients on turbulent flame propawgatand structure. For simplicity, two
categories of experiments are distinguished: tertuflame speed measurements and

investigations of the small scale structure of tleht flames.

Turbulent flame speed. can be defined as the average rate of propagatiarturbulent
premixed flame. More precise and physically medhindefinitions of turbulent flame
speed depend on the geometrical configuration efetkperiment [6, 7], but, since the
following discussion is restricted only to qualitat trends in the behavior of., these
issues are not described here. The effects ofrdiftes between molecular transport
coefficients ons; have been known for a long time, since the midos98], and in the
literature there are several databases that clastudyv these effects. It is possible to
distinguish two different types of experimentl measurements that show the effect of
molecular transport.

The first type consists in measuring turbulent #aspeeds of selected fuel/oxidizer
mixtures characterized by equal laminar flame spggdbut with different molecular
transport properties. For example, Venkateswaral. ¢9-11] measured turbulent flame
speeds, shown in Figure 1-1, in a turbulent Bunkemer for different KCO/air
mixtures, where equivalence ratigsand percentages of,Hand CO were controlled
independently to obtain mixtures characterized bg same laminar flame speed,

S, =34cnj < Since hydrogen is much more diffusive than canmomoxide, varying the



concentration of Kin the fuel substantially alters its molecularfulsfvity D, . Figure

1-1 shows that this substantially affects meastuelulent flame speeds. In particular,
turbulent flame speeds rise monotonically with @sing H concentration in the fuel,
and this effect persists even at the highest medsturbulence intensitieg’. Another

example of this typology of measurements is reprieseby the data collected by Kido
and Nakahara [12-15] in spherical bomb experiméntBigure 1-2,s; values are shown
for Ho/CH4/O,/N, mixtures, where different blends with the sameit@amnflame speed,
S, =15cnf <, are obtained by adjusting the/; ratio in the oxidizer and the HCH,
ratio in the fuel at constant equivalence ratig 0.8. Similarly to Figure 1-1, these data

show that turbulent flame speeds rise monotoniacaitls increasing concentration o, H
in the fuel, since methane, like carbon monoxiddess diffusive than hydrogen. Other

examples of these typology of measurements caouelfin Ref. [4].
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Figure 1-1. Dependence of turbulent flame spees on turbulence intensityu’ measured in
the turbulent Bunsen burner facility of Venkateswarmn et al. [11]. Different symbols refer to
different H,/CO/Air mixtures with equal laminar flame speed s, = 34cm/s molar
concentrations (by percentage) of hydrogen/carbon anoxide in the fuel and equivalence
ratios @of the different mixtures are listed in the legendn the right. Different colors refer
to different mean flow exit jet velocitiesU, in the Bunsen burner.
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ratio in the oxidizer [15]. Different symbols refer to different CH4H, fuel blends: molar
concentration of hydrogen and methane in the fuelre equal to 1-dand § respectively.

The second type of experimental measurements that show the effect of molecular

transport compare the equivalence ratio associaidd the maximum laminar flame

speed,q, ., - and the equivalence ratio associated with theirmam turbulent flame
speed, ¢ . ‘)" for mixtures characterized by large differencesoag D., D, and

A(pc,). As an example, Figure 1-3 shows experimentatspsured values of laminar

flame speeds and turbulent flame speeds (measnrsghierical bomb experiments at
constant turbulence intensity = 2.5ny s) at different equivalence ratios for propane/air
mixtures (Figure 1-3a) and hydrogen/air mixturegyfe 1-3b), with data taken from
Ref. [4]. For propane/air, the maximum turbulergnfe speed is reached at a richer
equivalence ratio than the maximum laminar flameseslp and vice versa for

hydrogen/air. In general, experimental data shoat @l mixtures characterized by



D, <D, display a behavior similar tosBg/air, with Drarso) < Poas) while mixtures

characterized byd. > D, display a behavior similar tozfir, with Brests.o) > Poas(s)
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Figure 1-3. Experimentally measured values of lamar and turbulent flame speeds vs
equivalence ratio ¢ for C3Hg/Air (a) and H /Air (b). Turbulent flame speeds are measured
at constant turbulent intensity u’ = 2.5m/sin spherical bomb experiments. Flame speed data
are normalized by the maximum value. Data adapteddém Ref. [4].

Finally, experimental investigations of moleculaffusion effects on the small scale
structure of turbulent premixed flames are gengmalbre recent than turbulent flame
speed measurements, since in this type of stugynecessary to employ modern laser
diagnostics. Here only a few relevant examplesvaationed. Figure 1-4 shows a set of
planar laser induced OH fluorescence (OH PLIF) iesafl6] taken in the low swirl
burner (LSB) of Bedat and Cheng [17], for propamgfaethane/air and hydrogen/air
turbulent premixed flames propagating in similaibtuent flow fields. The three flames
have markedly different appearance, especiallyH}iair flame. Taking the intensity of
the OH PLIF signal as an approximate measure ofdated burning rate, it is clear that
the hydrogen/air flame tends to burn very intensglpositions where the flame front is

convex toward the reactants while the flame isatiffely extinguished where the flame



front is convex toward the products. On the cogtthe methane/air flame tends to burn
uniformly along the flame front and the propanef@me displays somewhat enhanced

burning rates along flame front elements that arevex toward the products.

Propane Hydrogen

Figure 1-4. OH PLIF images of GHg/Air at ¢= 0.7 (a), CH/Air at @= 0.8 (b) and H/Air at
@ = 0.27 (c) turbulent premixed flames taken in a LB burner at turbulent intensity
u’'=18.5cm/sand integral length scald; =3.0mm (corresponding tou’/s o~1 and |/ dr~5) [16].
Fresh reactants are flowing upward from below. Themage width corresponds to 8m in
physical dimensions.

To illustrate in more detail the structure of tudnt lean hydrogen/air flames, Figure 1-5

shows iso-contours of temperature based progresbiaC, = (T-T)/(T,, - T) and

of OH mole fractionX,,, measured in the turbulent Bunsen burner of ChehBilyer
[18] utilizing two-sheet Rayleigh scattering and GHIF. From these data it can be seen
that at bulges convex toward the reactadls,and X, iso-contours remain close to
each other, indicating a strong local heat releate and intense chemical reactions. At
points convex toward the products, inste@d, and X, iso-contours are contorted by

turbulence and display distorted features, indicasi low local heat release rate.

The simplest explanation of these different flanppemrances is as follows: for lean

mixtures, if D, > D, (HJ/air), the local composition at flame front elertsethat are



curved toward the reactants tends to stoichiomainat the local burning rate increases,

and vice versa iD. < D, (CsHg/air). These different local behaviors are a mastéton

of so called “preferential diffusion” and “Lewis mber” effects, which are responsible

for the s; trends shown at the beginning of this paragraghaae described in detail in

Chapter 2.

0.0025 1.0

(mm)
X C,
0.0 0.0

6 10 14 18
r (mm)

Figure 1-5. Instantaneous grayscale images of themperature-based combustion progress
variable, C; = (T-T”)/(Tb’O-T”), and the mole fraction, Xoy, of OH radicals in a lean @ =
0.325) hydrogen—air turbulent Bunsen flame [18]. fMe C; image is overlaid with
isocontours ofCy = 0.1, 0.2, 0.3, 0.5, 0.7, and 0.9. TKey image is overlaid with isocontours
of Xon = 0.0005, 0.0010, 0.0015, and 0.0020.

1.3 Scope and organization of the thesis

To summarize the previous sections, it is quiteaagmt that although the propagation
characteristics and structure of turbulent premikathes have been studied for many
years, there are still a number of unresolved sskmeparticular, modeling the influence

of fuel/oxidizer composition on turbulent flame pemgation and structure represents a



major challenge. This issue has received increasiegtion in the last few years because
of new technologies related to hydrogen combustion.
The main objective of this thesis is to criticaltyestigate and develop ideas put forward
by so called “leading point concepts”. As describedetail in Section 2.4, this concept
stresses the importance of particular structuesd{hg points) in determining the overall
rate of propagation of turbulent premixed flamesoTsub-problems are fundamental for
understanding this concept:

1) What is the burning rate and structure of leadioigis?

2) What is the role of these structures in determitimggturbulent flame speed?
This thesis describes a theoretical and numeriadlysxploring the answers to these two
main questions. Chapter 2 provides backgroundterature relevant to this thesis work.
Chapter 3 investigates the burning rate and streicof leading points detailing a
numerical study in which statistics obtained frorDMS database of turbulent premixed
flames are compared to a series of model lamiramdl computations. Chapter 4
investigates the role of these structures in detengp the turbulent flame speed detailing
a theoretical study based on the so called G-emuaiihapter 5 presents conclusions and

recommendations for future work.

10



CHAPTER 2
BACKGROUND

This chapter provides background on literatureviaaié to this thesis work. Section 2.1
briefly reviews preferential diffusion and Lewis mber effects in laminar premixed
flames as a starting point to understand theiuerfte in turbulent flames. Section 2.2
provides a general overview of turbulent premixeddeling with a focus on the
“flamelet” paradigm. Section 2.3 reviews past direemerical simulations (DNS) studies
that investigated the role played by preferentifusion and Lewis number effects in
turbulent premixed flames. Finally Section 2.4 diéss in detail the leading points

concept.

2.1 Preferential diffusion and Lewis number effects

Laminar premixed flames are deflagration waves. (véh little change in pressure

between unburnt and burnt side) propagating in lggmeous mixtures of fuel and

oxidizer. Put simply, the physical mechanism ofnpiseed flame propagation consists of
the following steps: chemical reactions produce bhed new chemical species; a part of
the produced energy diffuses toward the fresh mextlue to molecular diffusion of heat

and species; local temperature and radical coratémis increase and trigger new
chemical reactions which then move more towardrimeh mixture. Therefore, the flame

propagation is controlled by molecular transpodcpsses and chemical reactions.

The first level of idealization of laminar, premtkélames is one where the flame and
flow are one-dimensional and steady. This is knasrhe “unstretched laminar flame”,

11



and the associated burning rate is called the fettted laminar flame speeds,,. As

an example, the typical structure of a one-dimeraiainstretched laminar methane/air
flame is shown in Figure 2-1 [19]. Its structurensists of three layers: (1) the upstream
chemically inert preheat zone, (2) a thin, fuelstianption layer, also called the reaction
zone or inner layer and (3) another thin, oxidatimyer. Downstream of the oxidation

layer is the equilibrium, fully reacted state of tmixture.

1

! ' OXIDATION LAYER
PREHEAT ZONE | L
1 1
I

INNER LAYER

|
>
i
I
1
I

CHg

T

Figure 2-1. Schematic illustrating the typical stricture of a methane/air laminar premixed
flame. Adapted from Ref. [19]

When premixed flames propagate in non-uniform flioelds or are curved, this one-
dimensional flame structure can change substanti@iheoretical studies of perturbed
laminar premixed flames have shown that a usefahtjty to parametrize modifications
in flame structure is the so called stretch rateln the following, a brief overview of
stretched premixed flames is presented with a fooushenomena relevant for this thesis
and mostly drawn from Clavin’s review of early aptotic studies [20], Law and Sung’s
review of integral methods [21] and the flameletrialism of de Goey et al. [22].

In the limit of an infinitesimally thin flame, théocal stretch rate is defined as the

fractional rate of increase in surface aksa

12



K :id—AT (2.1)
A dt

This quantity is also important in turbulent nomaetng diffusion processes since in
isotropic homogeneous turbulence the mean stratehcontrols the rate of area increase
of material surfaces [23]. Through the use of vegeometry (see for example Ref. [24,

25]), an expression for stretch rate can be wridien
k=0,0,+(-5 +un) (000 (2.2)

where (see Figure 2-4) represents the flow velocityg is the flame self-propagation

speed,ii represents a unit vector normal to the flame serfaointing toward the product
side, K. =-0U [0 represents the flame sheet mean curvature (theo$uine inverses of

the principal radii of curvature of the surfaceylan
=—fild x (U x 7 (2.3)

By convention, the sign oK. is defined as positive when the center of cuneabfrthe

flame surface is situated in the product side (8atement convex toward the reactants).

For cylindrical and spherical flame surfaces, thsodute value of K. is equal tol/R
and 2/R, respectively, whereR represents the radius of curvature. The first term

equation (2.2) is known as “hydrodynamic stretchtl aepresents the stretching of the

13



flame sheet by the tangential flow velocity compuné,. The second term, instead,

represents stretch rate due flame curvat(gein combination with flame motion.

Reactants

—n4«—

—

Products
Ut —

Flame __/
surface

Figure 2-2. Schematic showing flame coordinate sysh used to derive flame stretch
expressions. Adapted from Ref. [26].

Equation (2.2) can also be rearranged into othrengehat more explicitly illustrate the

role of flow non-uniformity and flame curvature:

M oow s K (2.4)

k=-nn:dJo+000M- sU0OF -
on

wheredu, /on is the derivative of the flow velocity normal coomentu, in the direction

normal to the flame surfade. The term

K =-nin: Du+0 (2.5)
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is known as “tangential strain” and representsdbetribution of flow velocity spatial
gradients to flame stretch. In particular, thetfiesm —nn: U represents the effect of
flow velocity gradients normal to the flame surfaedile the second termi @ is zero
for isodensity flows, but inside the flame is n@re due to heat release which brings

about gas expansion. Equation (2.5) can also bettemvas

Ke=0, 0, +(am)(0m)=0, Oy -(u0) K (2.6)

This expression stresses the fact tkatis not independent from curvatuke .

To understand the physical process through whiethgfdrodynamic stretch rate affects
the structure of premixed flames, let us considéiataflame in a divergent flow field,
depicted in Figure 2-3. This geometry can be redliexperimentally by stagnating a

premixed reactant stream against a wall. The reguftame is flat K. =-0Ui=0)

and, thus, it is only subject to hydrodynamic stresince i, #0. In Figure 2-3,

convective transport, depicted by streamlines, @iffdsive transport of heat and mass
are clearly indicated; a control volume can be draw shown, where the sides are bound
by streamlines across which diffusive transfer eacur but not convective transfer. The
physical manifestations of hydrodynamic stretchiciwlare described below, are a result
of the misalignment between the convective andisifie directions. Since the flame is a
source of heat and a sink for reactants, heats#iffunormal to the flame out of the control
volume, while reactants diffuse into the controlwne towards the flame from exterior

streamtubes.
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I

Streamtube

Figure 2-3. lllustration of the internal structure of a hydrodynamically stretched flame
showing misalignment of convective and diffusive tixes. Grey region denotes the control
volume.

The relative importance of these two processedeasssessed by considering the Lewis

number defined age=4/(pc, D), where A/(pc,) is the mixture thermal diffusivity

and D is a reference mass diffusivity, often taken ag df the deficient reactant. Lewis
number effects can be understood by consideringettergy balance in the control

volume illustrated in Figure 2-3, which can be veritas
pulDh =-00F (2.7)

where h; is the total enthalpy per unit mass, represents the density agdis the local

heat flux. This equation describes the balance d&e&twconvective (left side) and
diffusive (right side) fluxes. Neglecting radiatiieat transfer and the DuFour effect, and

assuming Fickian diffusion, the heat flux vectogigen by

Z”:—)IDT—pZN:hDIDY (2.8)

i=1
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where T is the temperature;, represents the specific heat capacity ahdD,, h are

the mass fraction, mass diffusivity and enthalpyhefi-th species, respectively. Equation
(2.8) shows that energy flux occurs through botat lsend mass diffusion. Thus, for the
flame of Figure 2-3, energy flows in through thées of the control volume through heat
transfer, but also flows out through the sidesuflomass transfer of chemical energy
associated with the reactants. If the heat and aiffssion coefficients are the same, i.e.,
Le=1, then these effects cancel for weakly curved flaiamed the energy balance in the
control volume is not disturbed by these diffusiiexes. These effects do not balance,
however, if Le#1 leading to an increase or decrease in thermalggnarthe control
volume.

Another diffusion-based phenomenon associated witbtch, known as preferential
diffusion, occurs when the reactant constituentvehdarge variations in mass
diffusivities. To illustrate, consider Figure 2-@rfa lean Hair mixture. Both Hand air
will diffuse into the control volume, but since 18 lighter than air, it will diffuse faster.
Consequently, this causes the local equivalente t@tincrease towards stoichiometric,
resulting in a higher flame temperature and flapeed. For a rich Hair mixture, similar
arguments can be made to show that the local dgas& ratio will become even richer
resulting in a lower flame temperature and flameesb Similar lines of reasoning can
also be employed for #g/air flames, which experience opposite effects esiGgHs is
now heavier than air.

The physical mechanism through which curvature frexlithe structure of premixed
flames can be explained in a way analogous to ladysh@mic stretch. Figure 2-4 shows

the mass and heat diffusive fluxes of a curved élaand, for comparison, of a planar
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flame. From these two figures it is clear that imved flames heat and mass fluxes are
focused/defocused depending on the sign of the noeawature K. . If there is an
imbalance due to non-unity Lewis number or prefea¢rdiffusion effects, then the
energy balance at the reaction zone can be afféctedys similar to the energy balance

of the control volume depicted in Figure 2-3.

Curved flame Flat flame

T Mass

meeeesssssm—— Recaction zone

E : Preheat A
/\ zone VT YT : Heat

Preheat

z0ne Reaction
zone
Figure 2-4. . lllustration of the internal structure of a curved flame and a planar flame

showing focusing/defocusing of diffusive fluxes iourved flames.

Early studies which analyzed the effects of stretnHflames utilizing irreversible, one-
step chemistry and asymptotic analysis methods)ddbe following linear relation for

the flame speed of stretched flames in the limiveak stretch [20]:

S =80 lK (2.9)
where ¢ is the Markstein length, which can take on botkifpege and negative values.
Equation (2.9) can be non-dimensionalized usinguiiistretched laminar flame speed,

S, and the associated flame thickneds,, to obtain:

s./s,=1- MaKe (2.10)
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where Ma is the Markstein number, defined &8a=/¢/J.,, and Ka represents the
Karlovitz number, defined aka = «d,,/5 ,. The previous discussion on Lewis number

and preferential diffusion effects suggests ti\d& should be a function of Lewis
number, relative diffusivities of fuel and oxidizeand fuel/air ratio. For example, the
differential diffusion arguments described in tBection suggest that lean mixtures of
lighter than air fuels, such as methane or hydrpgkauld have enhanced flame speeds
for positively stretched flames (i.e., thda<0). These arguments also suggest khat

0 for rich fuel/air blends with these fuels, andttthese trends should be inverted for
fuels that are heavier than air, such as propane.

Linear expressions, such as equations (2.9) ardd)(2have limited applicability and
more quantitative discussions about the influentdewis number and preferential
diffusion effects on premixed flames structure ieza more detailed discussion of flame

speed definitions, nonlinear effects and unsteffd¢gts, which are discussed next.

2.1.1 Flame speed definitions

The “speed” of premixed flames is a central elemiantombustion theory: there are
multiple definitions and multiple ways to measurerh. The main difficulty in defining a
flame speed arises from the fact that a real flaagea finite thickness, yet a propagation

velocity asserts the presence of a combustmmt. Generally, a contouc. of a reaction-

progress indicatoc (like a temperature isosurface or a mass fragtiosurface of either

the fuel or the oxidizer) is chosen to represeatfiéame front.
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Arguably, the most natural physical definition slibbe tied closely to the rate of
reactants mass consumption (or, conversion to cstitou products). Unfortunately,
reaction rates are difficult to measure experimgngand this type of definition is mostly
applied in computational studies. Poinsot et al] [&fined the consumption spesd,

as the speed corresponding to the mass flow rafeesii gases consumed through the

flame front and is defined by

= g d .
S =y | ka0 (211)

where @) is the mass of fuel consumed per unit volume aridtume, o" is the density

of the unburnt gases ang' is the mass fraction of fuel in the reactants. egration

in (2.11) is performed along the normalto the flame front defined by the isosurface

C=G .

Consumption
Rate (A.U.)

0.9
. 0.82

0.74

Consumption Rate (A.U.)

o

-1 05 o 05 1
Distance From Flame (mm)

Flame Surface

Figure 2-5. Prism shaped volume,Q, constructed using curves locally normal to the
temperature isotherms. The inset plot shows a typad variation of @; normal to the flame
surface. Reproduced from Day and Bell [28].
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An alternative definition of consumption speed, enorumerically robust and less
sensitive to the particular choice of, was proposed by Dast al. [28]. This definition
starts with the tessellation of the flame framt, and the construction of normal vectors
by extending them along integral curves of tempeeagradient. A prisng2, can then be

built as shown in Figure 2-5. The consumption spgeis calculated integrating the fuel

mass consumption raté) over theQ volume and normalizing by the aré®er,
intersection betweel®2 and the flame surface, multiplied by the initialef density

contained in the reactangg'Y:':

_[,@d0

g=2 " (2.12)
P Ye A

Another definition for flame propagation speed h@ t'displacement speed§, of a

contour of a reaction-progress indicatr. An expression for the displacement speed of

an isoscalar surface relative to the flow field wlaseloped by Poinsot et al. [29, 30] and
Echekki et al. [31]. The analysis is based on firegka surface on which the mass
fraction, Y , of the deficient reactant is fixed to a valueeToverning transport equation

for Y is:

oY 1 @
L +UMY==0fpDlY)+= (2.13)
P g (oY) ,
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The left-hand side of the equation is the convectilerivative whereli is the gas

velocity at the surface. This term balances the stidiffusion and reaction terms on the

right-hand side of the equation. The velocityvofisocontoursy; , is the sum of both the

convective component, and its propagation relative to the gas, n:

V. =l-gh (2.14)

In this expressiongs, is the magnitude of the propagation velocity of isocontour

normal to itself andi is the unit normal vector of the isocontourYof directed toward
the burnt gas which may be expressed in termseohtiimalized local gradient vector of

Y:

gy

—L (2.15)
jav]

n=-

Equation (2.14) also forms the basis for experimenteasures of flame speeds from
particle image velocimetry (PIV) data, such asha study of Sinibaldi et al. [32, 33],
who studied displacement speed of premixed lanflaares encountering toroidal vortex
rings, and Renou et al. [34, 35], who studied wedltbulent premixed flames. By

fixing the value ofy at the surface, the following expression is otgdin

24y, mMY=0 (2.16)
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By substitution of Eq. (2.13) into (2.16), an exgzien for the displacement speey, is

obtained:

¢ = 0dpeDOY) &
SR oo

(2.17)

This expression shows that the value of the digphant speed is a result of the balance
between reaction and diffusion, and is modulatedhgy value of the gradient of the
scalar at the location where it is measured. Marahyges [36] have also shown that it is

convenient to split the diffusive term into a nofraad a tangential component as

° (%)

w on on

=- - - DK, (2.18)
ploy| ol ——
—

Sd
&
s

where n is the normal coordinate across the flame Kpdis the mean curvature defined

as in Eq. (2.2). This expression shows thats determined by the contributions of three

terms: (i) reactions,, (i) normal diffusions,, and (iii) curvature (tangential diffusion)

S. Both reaction and normal diffusion are essent@hpgonents of any normal flame

propagation, while the third term, curvature, idyopresent when the flame is curved.
Equation (2.18) also shows that the explicit ctmttion of curvature is linear, with the

slope corresponding to the local molecular diffasicoefficient. However, there is
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curvature dependence in the remaining terms, ampecedly reaction, through the
coupling of differential and preferential diffusieffects with curvature.

Because of gas expansion through the flame, th@adesment speed with respect to the
unburned,s;, and burneds;, flow is different. These definitions can be getiged to
refer to the speed of the flow with respect to ehgsen temperature or concentration iso-
surface in the flame. This dependence of flame dpp®n chosen flame iso-surface is
not too problematic for weakly stretched flamessithe approach flow velocity varies

weakly upstream of the flame and these effects beajargely eliminated by using the

density-weighted displacement spesd,

(2.19)

In fact in a flat, unstretched flame, the mass Imgrmate is constanp“s; ;=p" s/, and
represents a well defined quantity, invariant foy ahoice of reference surfaces through
the flame. Instead in highly stretched flames,tass flux through the flame itself varies
significantly through the flame and the definitimf displacement speed becomes
ambiguous. In highly stretched flames, the flowoedly gradients occur over length
scales that are on the order of the flame thickn@$erefore, slight changes in choice of
iso-surface can yield very different values of feanspeed. An example of this

phenomenon is provided in Figure 2-6, where thesnbasning ratem= ps, is plotted
for a series of numerical computations of statigrepherical Clfair flames = 1.0,

T"=300K and p=1latm) at different radii, in which burnt gases are prgsin the
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center [37]. This figure shows the mass burning@ redlculated at several isotherms,
where the one corresponding-t@640K (inner layer) is the one closest to the reaction
zone. The mass burning rate varies with the radliuse flame at all isotherms except at
the inner layer where hardly any influence of tlaelius is observed. At the other
isotherms, almost no reactions take place, whitevective and diffusive processes play
the most important role. Since the flames are @airtlee surface area through which the
gases flow changes and, as a consequence, thengpurelocities change. From this
notion, it can be concluded that the mass burrétg of curved flames is best defined at
the inner layer instead of defined at the otheiitjpos in the flame. For this reason in
most numerical analyses, like the direct numerst@ulations described in Section 2.3,
isosurfaces (of temperature or mass fraction) ckbee reaction zone are chosen to
represent the flame front position. This choicalg motivated by the fact that turbulent
eddies penetrate in the reaction zone with morkcdify than in the preheat zone (see

“thin reaction zone regime” described in the Setf®).
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\ —— inner layer
—_ AN == 1900K
D 05— AN === 2000K A
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Figure 2-6. The mass burning ratam = p5_ for stationary spherical flames of different radii
r, with burnt gasses at the center. CHAir, T" = 30K, p=latm: temperature at the inner
layer is 1640K. Reproduced from Ref. [37]
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Moreover, the displacement speed definition fomiaspeed can lead to counterintuitive

results such as local negative displacement spegas), in highly strained flows [36].

This situation occurs in flames with very high centation gradients where the flame is
supplied with reactants by diffusive fluxes stromgough to counteract the bulk flow
convection in the opposite direction. This situat@an be simulated with a counterflow
burner, by stagnating premixed reactants againsproalucts/inert. At very high strain
rates the flame moves across the stagnation suifid@ehe products/inert side and is
supplied fuel/oxidizer by diffusive fluxes; therhet displacement speesg, becomes
negative as shown experimentally by Sohrab eB8l. (see also Section 2.3).

In general, consumption velocity and displacemgeed have different values and also
depend differently on stretch rate. For this reai$as important to always specify the
exact definition utilized to study flame speed. Fstance, for weakly stretched flames (

Ka<1 ), asymptotic theories predict a linear dependenfcg , and s, on the stretch

rates, but with different Markstein numbers as ghdy the following expressions (see

Ref. [4, 39] for the specific assumptions),

(2.20)
Ze 1 1 L@I (2.21)
2 —1-Ma,Ka (2.22)
S0

Ma, = Ma, +¥L (2.23)
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where Ze is the Zeldovich number? = ,0“/,0'D is the density ratio between unburnt and
burnt gasses, ang, is evaluated at the reaction zone. Comparing emug?.22) and

(2.23) it can be observed that in this linear lisigplacement and consumption speed

respond differently to stretch and may also haymosjte signs.

2.1.2 Nonlinear and unsteady effects

The response of premixed flames to finite strettk walues is generally nonlinear. The
study of nonlinear effects represents a very adirie of research in the combustion
community since a comprehensive theory of thesectffis still lacking. The non-linear
dependencies of premixed flame speed and structurperturbation magnitude have
been documented experimentally [29, 40, 41], nuradyi [29, 42-45], and predicted
theoretically [43, 46-48], just to cite a few exde®p For instance, Figure 2-7 plots
several theoretical expressions for the dependehfiame speed on Karlovitz number,
obtained by asymptotic analysis of single-step dhgynexpanding spherical flames in
Ref. [41, 48]. In this figure the “LM” curves reféw the linear model of equation (2.23),
while “DM” and “SM” are obtained from more detailadodels taking into account
nonlinearities in the flame response. The curvdlsgse onto each other only at very low
stretch rates (low Karlovitz number) and the eff@bonlinearities is stronger fdre#1
(i.e. the linear model LM diverge more quickly frothe detailed model DM with

increasing Karlovitz number).
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Figure 2-7. Theoretical dependence of normalized &mne speedU = sg/ﬁyo on Karlovitz

number Ka=2U/R for expanding spherical flames (of radiusR) with different Lewis

number, obtained by asymptotic analysis in Ref. [41“LM” refers to the linear model of
equation (2.10), “DM” is a more detailed model takng into account nonlinearities and
“SM” refers to a simplified version of “DM”.

There are several nonlinear effects that are nptucad by expressions like equation
(2.20)-(2.23) and that are of interest in this i$tes

» different response of premixed flames to curvaturé hydrodynamic stretch;

* response to unsteady stretch;

» “critical” stretch rates.
The different response of curved and hydrodynartyicstretched flames has been
documented numerically [49] and theoretically [5®1]. Figure 2-8b shows the
numerically computed dependence of flame temperatur stretch rate for tubular and
planar counterflow flames (shown in Figure 2-8a) aofvery lean Hair mixture,
reproduced from Ref. [52]. As it can be observedttie same value of stretch ratethe
two geometrical configurations display a very diiet flame temperature and, as a
consequence, burning rate (not shown here). Fowvéng lean hydrogen air mixture

considered in this figure, the flame responds meirengly to curvature rather than
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hydrodynamic stretch and for the same valuexkothe tubular flame display a much

higher flame temperature.
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Figure 2-8. (a) Sketch of a planar counterflow prenxed flame (left) and tubular
counterflow premixed flame (right), where V is the inflow velocity of the incoming
reactants. (b) Numerical computations [52] of flameéemperature (temperature calculated at
the axis of symmetry) dependence on stretch ratecE 2V/R and x= 2V/L for planar and
tubular counterflow flame, respectively [53]) for H/Air flames, @= 0.175, T" = 29&,

p=latm,L =1.26cm, R =1.5cm.

The different response of premixed flames to cumeatind hydrodynamic stretch is also
particularly important for the study of premixedrfies response to unsteady stretch [54,
55]. As pointed out at the beginning of this chapkgdrodynamic stretch (Figure 2-3)
and curvature (Figure 2-4) depend on two distifetromena that are characterized by
different time scales: competition between conwectiand diffusive fluxes for
hydrodynamic stretch and focusing/defocusing ofudife mass and heat fluxes for
curvature. The time scale associated with hydroghyoastrain is roughly equal to the
time necessary for a fluid particle in the reactatot move from the beginning of the

preheat zone to the reaction zone J;,/s ,. Premixed flames respond as low-pass

filters and phase shifters to unsteady hydrodynastrietch perturbation at frequencies
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higher thanl/r , since the internal flame structure cannot adjast enough to external
perturbations. To illustrate, Figure 2-9 plots themerically computed dependence of the
instantaneous consumption speed, on instantaneous stretch rate for a planar
counterflow flame where the reactants flow at tiletiis forced harmonically at different
frequencies. Note that at low frequencies, the éldrahaves much like the steady-state
case. However, as the frequency of oscillatiomesdased, the flame’s stretch response
decreases, due to the inability of the diffusivegessses to keep up with the time-varying
strain rate. In fact it is evident that at a fregeye of 1000 Hz, the flame is essentially

insensitive to the stretch rate.

1.8
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Figure 2-9. Dependence of instantaneous flame comsption speed, s.p, on the
instantaneous stretch rate k, at several frequencies of oscillation from OHz (8ady curve)

to 1000Hz. Hereds, = 0.Imm and s, = 22.1%Em/sImage reproduced from Ref. [56] (H/Air
flame @= 0.4 with reactants at standard temperature and gssure)

The sensitivity of premixed flames to unsteadinesame curvature is quite different.
The theoretical study of Clavin and Joulin [54, 3%jsed on high activation energy

asymptotics and single-step chemistry suggests ttatfrequency response of the
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displacement speedy, to unsteady curvature (1) remains invariant evénhigh

frequencies and (2) becomes independent of prefareliffusion of species and heat as
frequency increases (i.e. Lewis number effects tendisappear at high frequencies).
These two effects have been observed in direct ricahesimulations of turbulent
premixed flames [57, 58] but in the literature #hessults have not been studied in a
manner as detailed as the response of premixe@$lamunsteady hydrodynamic stretch,
mainly because an experimental configuration aglginas the counterflow flame to
study hydrodynamically stretched flames is not lakédé for curved flames. In particular,
it is not clear whether analogous consideratiorsvatid also for flame speed definitions

based on consumptions(, and s;), since direct numerical simulations of turbulent
premixed flames show thas , generally correlates better with local flame front

curvatureK,. rather than strain ratk [59, 60].

Finally, in many situations there is an upper litoitthe response of premixed flames to
external perturbations: depending on the geometdy tane scale of flame stretching,
there might be a maximum or minimum burning ratepehding on the Markstein
number, that a premixed flame can sustain bef@esitioning to a non-burning state
(extinction). In this thesis, this condition is &mby referred to as “critical” stretch,
following Ref. [4, 61]. Here we mention only thesea of counterflow flames and curved
expanding flames as they will be utilized later Gmapter 3; possibly related limit
phenomena, which are not described here, are peenflixme quenching by vortices [27,
62, 63], premixed flames propagating along vortgxes [4, 64] and stationary flame

balls [4, 65].
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The classical example of a critically stretchednpred flame is represented by planar
counterflow twin premixed flames (see sketch inuFéy2-8a) close to extinction. In this
geometrical configuration, for low flow velocitighe flame is far from the stagnation
surface. If the stretch rate is increased, the mewve of the flame is unrestrained. In this
condition, the flame responds to stretch rate asrdged at the beginning of this chapter,

i.e., the reaction rate and the flame temperatuile either decrease or increase,
depending on whethela, >0 or Ma, <0, as shown in Figure 2-10. Rdia, >0, it is
apparent that there exists a critical stretch rafeat which the flame temperature will be
reduced to such an extent that burning is not ptesgind a minimum burning rate is
achieved. On the other hand, since increasingchtiedevates the flame temperattoe
the Ma, <0 flame, extinction cannot occur until the downstredoundary of the
reaction zone is pushed onto the stagnation sudadethe flame movement becomes
restrained. With further stretching, chemical remad cannot be completed because of
the reduced residence time. Only then will the tieacrate and, hence, the flame
temperature start to decrease as shown in Figafe Zhis creates an absolute maximum

in the burning rate (a critically stretched flanagp stretch rate closeag,.
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Ma_> 0 [ Kt

Kext

—— Complete reaction

Maximum Flame Temperature

~~=~ Incomplete reaction

Increasing Stretch
Figure 2-10. Effect of stretch and reaction incomgteness on the extinction mechanism for

flames characterized by different Markstein numbers[66]. Small circles indicate extinction

strain rate k,,, which is turning point in the flame temperature gofile.

However, if the stagnation surface is permeableinashe case of impinging the
combustible mixture against a hot product gas stred temperatureT®, then the
reaction zone can actually migrate across the atagnsurface in the product side of the
counterflow. In this situation, the flame speeduasss a negative value, as pointed out in
Section 2.1.1. Combustion is now supported by diffn of the reactants across the
stagnation surface against convection from the ymbdtream and since there is no loss
mechanism involved in such a situation, for sufitly high temperature of the hot
product gas stream extinction is not possible amctnitical stretch rate exists. Figure

2-11 delineates this phenomenon showing resultsn frmimerical computations of

counterflow flames for impinging leansBg/air (Ma, >0) at standard temperature and

pressure against combustion products at temperatuf67]. For T® >1530K , the total
heat release rate of the flame display a monotbel@vior with increasing stretch rate
and there is no turning point in the flame resppimséhis case the burning rate gradually

decreases to zero with increasing stretch, ane tkaro critical stretch rate.
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Figure 2-11. Total heat release rate{ g, dx plotted as a function of “applied stress”a, (a
u

guantity similar to stretch rate) for counterflow flames formed impinging GHg/Air, ¢=0.75
at standard temperature and pressure against combtisn products at temperature Ty,

Curves are monotonic whenT,>1530K, S-shaped below this value: fof,>153K no sudden
extinction occurs with increasing stretch rate andno critical stretch exists. Reproduced
from Ref. [67].

For curved expanding premixed flames, a criticadtsh rate can also be identified but in
this case the mechanism that causes the presercenakimum/minimum burning rate
depends on the competition between ignition tramsi@nd stretch by curvature. To
illustrate, Figure 2-12 shows results from singkpschemistry numerical computations
[3, 42] of a lean Kair mixture ignited by equilibrium adiabatic prads. In these
simulations, a spherical kernel of small radigs filled with equilibrium adiabatic
combustion products is set at=0 to simulate ignition and, subsequently, the time
history of the consumption velocitg, , is calculated. For thisMa<O flame, the
maximum in consumption speed that is observeddoheurve plotted in Figure 2-12 is
generated by the competition between the initiatlquse of the burning rate from zero

immediately after ignition and the decrease brougut by the reduction of flame

curvature as the flame expand to larger radii. €hasnerical results also show that the
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maximum consumption velocity is obtained when theition radius is equal to its

critical value,r

sler

such that the initial kernel shrinkif<r,, .

s

« =+« Spherical, 7,= 0.4 mm

= = -Spherical, ,= 0.3 mm

—— Spherical, r,=r.,=0.298 mm

[ o]

—

Normalized con sumption velocit y

Normalized time

Figure 2-12. Single step chemistry numerical simuteon of normalized consumption speed
scyp/ S, versus normalized timetsLo/O'FO for spherical expanding H/Air flames (with @=

0.26, and reactants at standard temperature and pssure) ignited by pockets of adiabatic
product gasses with initial radiusr; [3, 42]. The maximum consumption speed for the
spherical flame is indicated by an arrow and represnts the critically stretched value.

2.2 Turbulent premixed combustion modeling

As stated in Chapter 1, premixed turbulent combuast characterized by the interaction
of flames and turbulent flows over a wide rangelesfgth and time scales. A useful
diagram to classify various burning modes resultirgm the interaction of these

different scales was first presented by Borghi énmis of the turbulence intensity

normalized by unstretched laminar flame spegts,, and the ratio of the integral
length scale to the flame thickne$gd;, [68]. A slightly modified version of this

diagram known as the Peters-Borghi diagram [57]giigen in Figure 2-13. The

boundaries between different regimes indicatedhis figure should not be interpreted as
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sharp and precise transitions between flame bummiodes, but as an order of magnitude

estimate of complex transitions which are likelydepend on a larger set of parameters.
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Figure 2-13. Peters-Borghi diagram. Da=(l,/d;,)/(u'/s,)is the Damkohler number,

Re=(U/$,)( /) is the Reynolds number and Ka= Ré” Da' is the Karlovitz
number.

For this thesis, the primary region of interestthe “thin reaction zone”, which is
representative of the conditions at which many agstibn system of practical interest
operate [69] and most of the experiments describb&hapter 1 were performed. In this
region the turbulent Kolmogorov eddy is smallernthiae thickness of the preheat zone
allowing it to enter the preheat zone and alterdifieisive processes while the laminar
structure of the reaction zone tends to be prederifeis has been speculated to lead to
flame thickening: this is yet to have been expenitally demonstrated conclusively [7],
although some recent studies seem to indicatethiatis actually possible [70-72]. In
fact, the structure of the reaction zone is rathsistant to turbulent perturbations mostly
because as the reactant gases get heated by chezadéons (1) the viscosity increases

(typically the dynamic viscosity of a gas is prapmmal to the square root of the
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temperature) causing smaller eddies to be dissipaigre quickly and (2) the size of
turbulent eddies increases due to gas expansiomhdfmore, the high stretch rates
associated with this regime cause the local flaimetsire response to flow perturbations
to be highly nonlinear and can also lead to loealiextinction events.
By contrast, in the region labeled as “wrinkledhilgets” and “corrugated flamelets” all
the turbulent length scales of the flow are largpgan the laminar flame thickness; as a
result, the turbulence serves to wrinkle the fldroat, while locally the flame preserves
its laminar structure. In the “distributed reactmmme”, all the turbulent length scales are
smaller than the laminar flame thickness and a ggapng front is no longer
recognizable.
The fact that in most situations of interest tuemtilpremixed flames are characterized by
the presence of a front and that the length ané soales of turbulent flows are, to a
certain extent, larger than those at which reastioocur is the basis of the so called
“flamelet” concept [73]. This concept representg ttlassical paradigm utilized in
turbulent premixed combustion modeling [74] and ni@y briefly characterized as
follows. In premixed turbulent flames, chemical atéans that control heat release are
confined to thin, wrinkled, convoluted and strettheeacting fronts that separate
unburned reactants from burned products. Suchdr@simmonly called “flamelets”, are
typically assumed to have the same local stru@arneerturbed laminar flames. Then, the
basic physical mechanisms of the influence of tlensece on combustion consist of

1. flame surface area production by turbulent stretgland wrinkling (an effect first

highlighted by Damkéhler [75]);
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2. modification of local burning rates per unit frantrface brought about by Lewis
number/preferential diffusion effects and by snsaldle turbulent eddies.

In particular, the latter mechanism has been etilizo explain the dependence of

turbulent flame speed, on fuel/oxidizer compositions as described in Gaafp. This

interpretation is justified by the fact thgt trend can generally be scaled with the stretch

sensitivity of the mixture (e.g., the Marksteindéim as verified by several investigators
[76-78]. A key goal of modeling approaches basethsparadigm has been to scale the
dependence of the surface area weighted burniegupin turbulence intensity and scale
size [79].

For example, the “flamelet library” method modéisgde variations (1) by simulating the
response of laminar flames to simple, well-defingldetching such as in planar
counterflow flames (results of these simulationsistibute the so-called ‘flamelet
library’), and (2) by averaging the library with RDF (presumed or modeled by an
additional transport equation) for the perturbatiama turbulent flow, as for example in
recent RANS [80, 81] and LES [82, 83] studies.

Instead, other methods, such as “G-equation” [8#] dlame Speed Closure” models
[85], track the propagation of the average positwnthe turbulent flame front and
capture the combined effects of flame wrinkling dadal burning rates modifications

using correlations for the turbulent flame speed An equation widely utilized in the

combustion literature that relates the turbulemhing velocity to the flamelet structure is

one that has been discussed by Bray and Cant [86]

s =s0bA/A (2.24)
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where A, is the total area of the turbulent flam&,is the area of the “unwrinkled” flame
(usually taken as the area of toe= 0.5 isocontour, see Figure 2-14) arng is the so
called “stretch factor”, which is defined as théadetween the averaged consumption

speed along the turbulent fIarEg and unstretched laminar flame spe;gp(lozgc/s_o ).

A; =area of wrinkled flamelets

A, = area of
the c=0.5

Flamelet
consumption
speed 5S¢ in

the & direction

Turbulent brush consumption
speed sr in the n direction

Figure 2-14. Schematic illustrating the various tems in equation (2.24), adapted from Ref.
[7]. A represents the wrinkled area, while A is the area of theC =0.5 contour. Also

labeled are the flamelet consumption speed, and the turbulent brush local consumption
speeds; .

Finally, a transport equation for the flame surfacescalar dissipation rate [87] may be
employed to model turbulent premixed flame propiagatut it is only very recently that
studies on how to include the effect of preferdmtitiusion and non-unity Lewis number
in this type of models have been undertaken.

The development of scaling laws describing stretibcts for the turbulent combustion
modeling approaches described in this sectionnspticated by several factors. First, the
nonlinear and unsteady phenomena described ino&egtll.2 as well as the inherent

complexity of turbulent flows make it difficult tparametrize the burning rates of the
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large variety of structures present in a turbuflamhe. In particular, the use of Markstein
lengths, which describe the linearized flame respomo small and steady flow
perturbations, to correlate turbulent flame spe&td does not seem entirely justified [4].
The abundance of phenomena occurring in a turbuyesmixed flame substantially
hampers the identifications of key physical factbos estimating the influence of
fuel/oxidizer composition on flame propagation atrdicture. Second, Lewis number and
preferential diffusion effects can create altemtzones of intense burning followed by
extinction, making it difficult to clearly definefeame surface area: this is evident simply
observing Figure 1-4 and Figure 1-5 or Figure Arilthe next section. Third, interaction
between local burning rates and flame area wrigkéind stretching processes makes it

difficult to study separately between these tweef i.e. A. and |, in equation (2.24)

may be correlated and depend on each other [11].

Finally, it is worth mentioning that other modeliagproaches not directly related to the
“flamelet” paradigm have been proposed to model isemumber and preferential

diffusion effects in turbulent premixed flames, Isuas the “Conditional Moment

Closure” (CMC) [88]. This approach, which is perbamore useful to model flames
close to the distributed reaction zone [74], isiviEr by methods utilized in turbulent

non-premixed combustion modeling and focuses onetimggl mixing rates rather than

area production. The accuracy of this type of méshelies strongly on the quality of the
micro-mixing model used, and the analysis of ddfgial diffusion remains an open

research question [89].
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2.3 Lewis number and preferential diffusion effects: diect numerical simulations of
turbulent premixed flames
Since part of this thesis work deals with analysfes DNS database, in this section direct
numerical simulations (DNS) studies of turbulergmpixed flames are briefly reviewed.
The focus of this review is on those studies thatestigated Lewis number and
preferential diffusion effects in turbulent flames;list of the works that meet this
criterion is provided in Table 1 at the end of tlsisction. For this reason, in the
discussion below we do not explicitly mention résufrom laminar flame-vortex
interaction computational studies [62] and DNSwbulent flames that focus on single-
step chemistry withLe=1 (like the recent DNS of Poludnenko and Oran [/2]) @r
complex chemistry but at equivalence ratios foralhiewis number and preferential
diffusion are not leading order effects or are aistussed (like the recent DNS of a slot
burner of Bell et al. [91] and of a low swirl burref Day et al. [92]).
In general, DNS data of turbulent premixed flamesthe thin reaction zone regime
confirm that there exist correlations between Idlzahe speed and flame strain/curvature
consistent with the laminar flame theory presentedSection 2.1, but data in the

literature are rather scattered (see section 5Reif [4]). As an example, Figure 2-15

plots the local consumption spesd, computed from the 2D DNS of Chen and Im [93]
against either flame curvatui€. , flame strain rateKg or stretch rates : in Figure 2-16
the isocontours of fHconsumption rate utilized to calculagg, are shown to better
understand the trends in Figure 2-15. As it carolbgerved from these figures, , is

positively correlated withK., Kg and x as it is expected for a lean hydrogen/air flame
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(for which Ma_ <0). The correlation betwees, , and K, is also evident in Figure 2-16,

where it is clearly shown that positively curvedtmms of the flame (convex toward the
reactants) are characterized by higher consumptites of hydrogen than negatively
curved portions of the flame (convex toward thectaats). However, data in Figure 2-15
are rather scattered presumably because of nonlarehunsteady effects described in
Section 2.1.2, and a direct application of the Itesabtained from laminar flame theory is

difficult.
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Figure 2-15. Scatter plot of local consumption speles, , dependence on flame curvature

K. (a) strain rate Kg(conditioned on K. being smaller than 10% of its maximum value)

(b) and stretch rate K (c) from the 2D DNS of Chen and Im [93] (Hair, ¢= 0.4, T"=30(K,
p=latm, s,=22.4m/s Jr = 0.6Imm, &, = Do,/s0= 0.Jmm, u’/s o = 5.0,l/ o = 3.18).
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Figure 2-16. Isocontours of H consumption rate (red corresponds to zero consumigin rate,
blue corresponds to the maximum calculated consumiain rate) from the DNS of Chen and
Im [93], corresponding to the data shown in Figure-15. Reactants are on the left, products
on the right.
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Figure 2-17. Scatter plot of the three contributios (see equation (2.18)) to the displacement
speeds, as a function of the curvature normalized by flamehickness K.J;, for the lean

CHJ/air flame of Ref. [94] (p= 0.7, T" = 80K, p = latm, u'/s, = 10, I/ = 2.77,0r0 =
0.31Imm).

Also trends in displacement spegd obtained from DNS are qualitatively consistent

with the theory of laminar flames but are generalen more difficult to reconcile
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guantitatively with it [95], mostly because of tbemplications that arise in the definition

of s, described in Section 2.1.1. Besides, DNS data shats, trends are dominated by

curvature effects, represented by theterm in equation (2.18), especially in flames

strongly wrinkled by turbulence [58]. To illustratéigure 2-17 presents a scatter plot of

the different contributions tas, as a function of flame curvatur&. for the lean

methane/air flame of Ref. [94]: clearly tise contribution displays the largest sensitivity

to flame curvature and partially hides possible isemumber and preferential diffusion

effects influencing the reaction ratg and normal gradiens, contributions tos,.
However, correlation between curvature agdor s, is responsible for the different

propagation characteristics of turbulent flameswiifferent Lewis numbers [96].

More quantitatively, a few studies have also attiexshgo compare local flame speeds
calculated in DNS of turbulent flames with lamirftame calculations. For example,
Baum et al. [97] compared local heat release rasdsulated in their BAir flames
database to calculations obtained from laminar glamounterflow twin flames at the
same strain rat&y: they reported that the laminar flame calculatidits a poor job in
predicting the structure of the turbulent flame,shswn in Figure 2-18a for one of the
highest turbulence intensities they investigatedwkes and Chen [98, 99], instead,

reported that for CHair and CH/Hy/air flames the average displacement spgeaf

flame elements with the same strain riteis well predicted by computations of laminar

planar counterflow flames formed stagnating redstagainst hot products. Finally,
Sankaran et al. [100] showed that in their DNS dfld/air slot burner the average

structure of the reaction zone can be well repttesely laminar planar counterflow twin
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flames computations. A subset of their resultimas in Figure 2-18b, which compares
averaged profiles of methane and hydroxyl radicaldpction rate w (computed at

different heights in the flame) to laminar compiaas at different strain rates.
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(a) Scatter plot of integrated heat release rat@]” along vectors normal to the flame surface
and strain rate Kg for Hy/air, ¢= 0.5, T'=30K, p=latm,u’/s,=30.6, |/dr=1.26 [97].
Integrated heat release is normalized by the sameugntity calculated for an
unstretched planar flame gy . The dashed line superimposed to the scatterplot

represent values calculated in a laminar planar couterflow twin flame
(b) Rate of production of CH, and OH plotted against progress variable

c:(Y —\Q)/( \(fz— g‘z) for CH/air flames at ¢= 0.7, T"=80(K, p=1atm. Colored

02
lines refer to average profiles calculated in theurbulent slot burner of Sankaran et al.
[100] at different heights (Y4, ¥ and % of the totaflame length).Dotted and dotted-
dashed lines refer to values calculated in a lamimgplanar counterflow twin flame at
two different strain rates K.

To compare laminar and DNS results, flame stratinerathan curvature has traditionally
been utilized to parametrize burning rate variaiom fact, it is well known that the
curvature PDFs of turbulent premixed flames areghby symmetrical with respect to

zero, while strain rate PDFs have non-zero positwean [101]. Based on this
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observation, it has been often assumed that zdneshanced and diminished burning
rate due to flame curvature cancel out in the mésaving only the influence of strain
rates to explain Lewis number and preferential uditin effects on the global
consumption rate of turbulent flames [60, 99]. Meghg curvature effects may have
some justification for weakly wrinkled flames (su@s in the wrinkled/corrugated
flamelets regime) withLe~1 and negligible preferential diffusion of specidsjt
otherwise it does not seem an appropriate assumptio First of all, nonlinearity and
unsteadiness in the flame response (see Sectia) 21day prevent the effect of
positively and negatively curved flames from caimgebut, even in the mean.

Secondly, the mentioned PDFs of flame curvaturesarain have been obtained for the
whole turbulent flame brush, but different portwinthe flame brush are characterized by
different mechanisms of flame propagation [30, $&Jt example, at the leading edge of
the turbulent flame brush more positively curveairfe elements are present than at the
trailing edge, by geometric necessity, and thisliesphat Lewis number and preferential
diffusion effects act differently in different payh of the turbulent flame brush. This
aspect is especially important for the leading poancept discussed in the next section.

Thirdly, inside the flame frontKg and K. are not independent from each other, as

pointed out while discussing equation (2.5). DN&idEs [102-106] as well as
experiments [35] show that near the reaction zbee torrelation is negative, especially
at low and moderate Damkodhler numbers, and theirelation coefficient tend to

become more negative with decreasing Lewis numberllustrate, Figure 2-19 shows

the joint PDFs of tangential strain rake, and mean curvatur& . for three turbulent
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premixed flames with different Lewis number butgagating in the same turbulent flow

field, as obtained from the single-step chemistySof Ref. [105, 106].

(Kc/2)ém

= N

2 4 0 1 2 3 4 5 6 7 8 2 4 0 1 2 3 4 5 6 7 8

Ksoro/sro Ksdro/sto Ksdro/sro

Figure 2-19. Joint PDFs of tangential strain rate K, and mean curvature K. on the
c:(YDu - YD)/( ¥ - \f) =0.8 isosurface, whereY, is the mass fraction of the deficient
reactant: (a) Le = 0.8; (b) Le = 1.0; (c) Le = 1.2Single-step chemistryu’/s ,=7.19,

l/0re=1.92. Adapted from Ref. [105, 106].

The explanation for this behavior is primarily doedefocusing (focusing) of heat in the
positively (negatively) curved regions of the flambich gives rise to a lower (higher)
value of dilatation (@i leading to smaller (larger) values of tangentiahia rate

K¢ =-nn:0u+0[0. This trend is demonstrated in Figure 2-20, whptdts joint PDFs

of dilation i and mean curvatur& . for the same data shown in Figure 2-19. Note
that the negative values of dilatation rate showfRigure 2-20 at high values eof. are
not a compressibility effect since all this flows at low Mach number, but represent the

effect of relative motions between fluid aod@sosurface [107]. In fact, according to the

continuity equation the dilatation is equal to dgnshange following the fluid element

p Dt pl\ ot
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but this equation can also be expressed followiagsasurface as

Do__ 11192, (4- g Hymp |+ grimo :—i(%tp+ §”pj (2.26)
ﬁ_/

1
p Dt p|| ot Yo

=V

wheres, is the displacement speed of thsosurface (defined as in equation (2.17)) and
V: is the total speed at which thesosurface moves (defined as in equation (2.14)). F
low Mach number flows and unity Lewis number flanigg/Dt is equal to zero while
the term o is negative, since, generally, the density deesasoving toward the

products. Then, the dilation can become negativieighly positively curved or highly

strained portions of the flame where the displace#mspeeds, is negative (see Section

2.1.1). Lewis number and preferential diffusiorspécies can either hinder (ife<1 i.e.
Ma,<0) or promote (if Le>1 i.e. Ma_>0) the defocusing (focusing) of heat at
positively (negatively) curved portions of the flarftont. Thus, forLe<1 the correlation

betweenl[li and K. is weakened, while it is strengthened foe>1. This trend is

recognizable in Figure 2-20, where for the sameauevadf positive (negative) mean
curvature, theLe=1.2 flame achieves higher (lower) values of dilatatidfli than the
Le=0.8 flame.

Comparing Figure 2-20 and Figure 2-19 it can alsodticed that the joint PDE_ - K
is more scattered than the joint PDFii - K. especially at negative curvatures. This can
be explained by investigating the termin: [JU which can be rewritten as:
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—-nn: 0u=-NOSOrE - (aw? +api+ays) (2.27)

where S :J/Z(D u+(O U)T) is the strain rate tensom, = a, = a, are its eigenvalues and

. =nl& is equal to the cosine of the angle formed byrtbiemal to the flame surface
andthe eigenvectorg associated to the eigenvalae. Equation (2.27) shows that the

term —nn:Ju depends on the alignment between the strainteasor and the flame
surface. Turbulent fluctuations of this alignmemé aesponsible for weakening the

correlationK - K . relative to the correlatiom (@i - K. . Besides, in regions where the
dilation O is high (such as at negative. ) it has been shown [108] that the flame

normal tends to align with the most extensive strate (i.e.¢y ~ 1) thereby decreasing

K¢ contrary to the increasing trend brought abouthiyi .

N Le=10

(Kc/2)0r0
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2 3 4 1
(V1)) Sro/S10 (V1) Oro/S10 (V-ii)dro/szo
Figure 2-20. Joint PDFs of dilation[J[li and mean curvature K on the same isosurface as
Figure 2-19 for different Lewis numbers. Adapted fom Ref. [105].

5 6 7 -1 0

Finally, contrary to the trends shown in Figure@dhd Figure 2-20, it should be noted

that DNS studies of turbulent premixed flames withbeat release did not find any
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correlation between tangential strain rate and ature [109] while DNS studies of
surfaces propagating at constant speed in condemdity turbulent flows found that
highly curved shapes (both negatively and posifieelrved) are probable only in regions
of almost zero strain rate [110]. The relative impoce of the effects brought about by

dilatation relative to turbulence straining carsbaled as [108]:

50 (2) t8e (2] 9o can

where f (Le) is a function which increases with decreaslrgy Equation (2.28) shows
that the contribution of heat release effects tairstrates cannot be neglected for flames
with high gas expansion ratip“/,ob , high Damkdhler numbers and low Lewis numbers.
The negative correlation of strain and curvaturplies thatKg and K. affect the local

flame front structure in two opposite direction$. [A noticeable consequence of these
conflicting effects is that in the thin reactionneoregime the local flame thickness does
not depend monotonically on curvature and both tegg and positively curved
flamelets tend to be thicker than unstrained lamiflamelets [100, 107]. This

phenomenon is illustrated in Figure 2-21, whichvehahe joint PDFs of progress

variable gradien1Dc| and mean curvatur&. for the same flames of Figure 2-19 and
Figure 2-20. The progress variable gradihm| is inversely proportional to the local
flame thickness i.e. an high value |afc| implies a thin flame § ~1/|0c|). For Le=1

two branches in the joint PDF can be observed:values of|d¢| (i.e. thick flames) are
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associated with high values df., both positive and negative. For non-unity Lewis
number the non-monotonic dependenc¢[tn1] on K. is somewhat suppressed since for

Le=0.8, the flamelet thickening foK. >0 and vice versa fote=1.2.

(Kc/2)om

oa Le=12 &&7
12 0.7 075 0.8 085 09 095 1 105

|Ve|Oro

JLe=08 e
i 06 07 08 09 1 11 12 13 14

Vel

Figure 2-21. Joint PDFs of mean curvatureK . and magnitude of the progress variable
gradient |Dc| on the same isosurface as Figure 2-19 for differehewis numbers. Adapted
from Ref. [106].
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Figure 2-22. Joint PDFs of tangential strain rateK ; and magnitude of the progress variable

c gradient |Dc| on the same isosurface as Figure 2-19 for differehewis numbers. Adapted
from Ref. [106].

This non-monothonic dependence of flame thicknessusvature is also to the fact that

|Dc| tend to correlate strongly with strain rafe as shown in Figure 2-22 [106]. A more
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precise explanations of these trends, requiresstibdy of a transport equation for the

progress variable gradiefiic|, as described in Ref. [107].

Finally, DNS studies indicate that the most probdbtal flame geometry is cylindrical
and the most highly curved regions on the flaméasercorrespond to cylindrical shapes,
while the probability of finding spherically curvélme fronts is low especially at high
turbulent intensities [28, 59]. This indicates thattwo-dimensional description of
turbulent flame fronts geometry is acceptablerist fapproximation and partially justifies
the use of 2D direct numerical simulations to sttaiypulent flames (see Table 1). In
Chapter 3 this observation is utilized to justifg@mparison between cylindrical laminar
flames and statistics obtained from DNS of turbufeames.

In summary, nonlinearity and unsteadiness in tamd response, the different response
of the flame to strain and curvature as well as different behavior of the flame at
different positions in the turbulent flame bush matkdifficult to apply the quasi-steady
flamelet paradigm described in Section 2.2. Thissaeration is especially valid for lean
hydrogen turbulent flames for which these effeats particularly important as will

shown in Chapter 3.
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Table 1. Methods and conditions of DNS of turbulentoremixed flames
Lewis number and preferential diffusion effects.

associated with

Reference Dimension| Chemistry Mixture Density Tranport Turbulence
Properties
Ashurst et al. 2D Single-step| Le=0.5,2.0 Constant  Constant Baritbw field,
[111] I/ =10
Haworth and 2D Single-step| Le=0.8,1.0,1.2 Variable  Tempemt Decayingu'/sio =
Poinsot [102] dependent 5.8-6.6 |/ 5ro=3.6-
4.3
Rutland and 3D Single-step| Le=0.8,1.0,1.2 Constant  Constant Decayingu'/sio = 3-
Trouve’ [59] 5,1d6~1
Baum et al. [97]; 2D Complex H/O,/N,, T" =298K or Variable | Mixture averaged| Decayingu'/so =
Swaminathan and 700K, = 0.35-1.3 [113] 1.2-3.2 and 31,
Bilger [88, 112] 1/ dr0~1.26-4.34
Trouve’ and 3D Single-step| Le=0.3,0.8,1.0,1.2 Variahle  Perature Decayingu’/syo =
Poinsot [30] dependent 10,1/6rc~1
Echekki and Chen 2D Complex | CH/Air, ¢=0.7 and 1, | Variable | Temperature Decayingu'/sio = 4-
etal. [31, 94, 114- T =800K dependent 10,14/ Jro~2.7-10
117]
Chen and Im [93, 2D Complex Ha/Air, ¢ =0.4,0.6, 2.0 | Variable | Temperature Decayingu'/s ;=5
118] and 6.5T" = 300K dependent and 10)/r~2.3-4.1
Hawkes and Chen 2D Complex H./Air, ¢ = 0.6, Variable | Temperature Decaying,
[98, 99], CHJ/Air, p=0.52 and dependent u'/s=9.5-28.5
Chakraborty et al. CHa/H, mixtures,T" = (CHg4/air) u'/s =3-
[119] 300K 30 (Hy/air)
1/ 9ro~0.28-10
de Charentenay 2D Complex H./Air, ¢ =0.5, 1.0 and | Variable | Multicomponent | Decayingu’/s.o=1-
and Ern [120] 5.0,T" = 300K and and thermal 1014 dro~2-9
800K diffusion
Tanhashi et al. 3D Complex Ha/Air, ¢ =1.0,T" = Variable | Mixture averaged| Decaying,
[121, 122] 700K [113] u’'/s10=0.85-3.41
I/ r0~0.85-3.38
Shim et al. [123, 3D Complex H./Air, ¢ =0.6 and 1.0, | Variable | Mixture averaged| Decaying,
124] T¢ = 700K [113] U'/5.6=0.85-7
I/ or0~20-170
Chakraborty and 3D Single-step| Le =0.34,0.6,0.8, 1.0, Variable | Constant Decaying)/so=7.5
Cant [96, 105, 12 I Or~2.45
106, 108, 125-
127]
Han and Huh 3D Single-step| Le=0.6,0.8,1.0,1.2 Variahle  Perature Decayingu’/s.o=6-
[128] dependent 101/ r~2.5-3.2
Bell, Day et al. 2D Complex CsHg/Air at ¢ = 0.7, Variable | Mixture averaged| Decayingu'/so~1
[16, 129] CH,/Air at ¢= 0.8 and [113] I oro~5
H,/Air at ¢=0.37,
CHy/H, mixturesT" =
300K
Day et al. [28] 3D Complex | Hj/Air at ¢=0.37,T"= | Variable | Mixture averaged| Decaying,u'/s.~0-
298K [113] 2.8/ rc~3.75
Aspden, Day and 3D Complex H./Air at ¢ = 0.31-0.4, | Variable | Mixture averaged| Artificially forced,
Bell [71, 130, CHJ/Air p=10.7, [113] u'/s ~0-150
131] CsHg/AIr @=0.7,T" = I/ 5r0~0.5-1
298K
Hawkes et al. 3D Complex Ho/Air at ¢=0.7,T" = Variable | Mixture averaged| Forced by mean
[132, 133] 700K [113] sheary’/so~1-10
I/ oro~1-10
Sankaran et al. 3D Complex CH/Air at ¢=0.8,T"= | Variable | Mixture averaged| Slot burner,
[100] 800K [113] u'/s o~2-314/ 0r0~0.8-
1.2
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2.4 Leading points concept

An approach alternative to the “flamelet” paradiggnbased upon so-called “leading
points”, which are intrinsicallyocal properties of the turbulent flame. This conceps wa
originally proposed by Zeldovich [134], who desedbthe "leading/pilot" points as the
most forward-lying points of the flame front in td@ection of the reactants. This idea
was subsequently expanded [4, 61]. In a turbuleemnjxed flame, the largest velocity
fluctuations in the direction of propagation creatmvex bulges with respect to the
reactants which generate flame surface area behielth and determine the average
combustion velocity. Thus, leading points are Itypskefined as positively curved points
on the turbulent flame front that propagate outifeist into the reactants in spatial regions
where turbulent eddies induce low approach flowoeigles. Within this interpretation,
augmentation of flame surface area is the effecinofeased burning rates, not the
fundamental causeAs stated in Ref. [134] (pp. 447-448) for flam@opagating in

horizontal tubes:

“The pilot point in a non-stationary flame is theogt forward-lying point of the flame
front in the direction of combustion propagatiorheTigniting “impulse” is transmitted
from it to adjacent portions of the flame, and o wntil the flame front encompasses the
entire mixture volume..[pilot points] establish the relationship between an integral
characteristic of the process (the surface areahef flame) and a local quantity (the

maximum velocity of the gas along the tube).”

In the leading point concept framework it is poatetl that modifications in the overall

turbulent combustion speed brought about by Lewisiver and preferential diffusion
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effects depend solely on modification of the bugniate at the leading points since an
increase (decrease) in the average propagatiomn sgabese points causes more (less)
flame area to be produced behind them. Thus, summeept offers the opportunity to
substantially simplify the modeling of turbulenteprixed flames by reducing the
“flamelet library” (a collection of basic charadstrcs of perturbed laminar flames that
allow for all possible type of perturbations) tcsiagle “flamelet page” describing the
burning rate of the leading point. In other womtgdeling of turbulent burning rates by
leading points concept can be thought as consistirtggo sub-problems: (1) modeling
the burning rates at the leading points and (2) etiog the dynamics/statistics of the
leading points in the turbulent flame. Studies thdempted to answer to these two

guestions are summarized in the next two sections.

2.4.1 Leading points burning rates

Several investigators have assumed that the steudti leading points can be well
represented by quasi-steady “critically” stretchdaminar flames in canonical
configurations such as, stationary curved flamd Ha5, 136], expanding spherical
flames of small radius [42, 137] and planar codlte twin flames near extinction [9-
11, 61]. The idea behind this use of criticallyethed laminar flames comes from the
following proposed mechanism for the formation ediding points: a flame element can
become a leading point if transported toward trectants by a strong turbulent eddy

(especially if u'> g,) but its propagation is limited by local extinatiothen, at the

leading point a local balance between convectiahcrenching is established similar to

that of critically stretched (i.e. under near-egtion conditions) laminar flames. Other
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investigators, instead, have simply utilized engairiformulae based on some "effective"
Lewis number of the mixture to model leading poimisning rates [138-140].

In the literature, testing of these proposed leggiaints burning rates models has been
performed & posteriorf, i.e. based on their ability to develop corredat for turbulent

flame speed data. For instance, Venkateswaran. ¢0-4l1] computed the maximum
displacement speeg ., in a twin planar counterflow flame, as shown igufe 2-23a,
and used this quantity to correlate their datalwdsd,/CO/air turbulent flames, which
was presented in Figure 1-1. As can be observed Figure 2-23b, scaling the turbulent
flame speed data witls, .. rather than with the unstretched laminar flameedp®,,,
collapses the measurements on a single curve ratlerThis is remarkable, given the
fact that in this database the turbulent flame dpege of different mixtures at the same

turbulent intensity can display up to a 200% défere.

200 a ""T:r‘gl.,ma\' 1
.o'f f"
»" 5 :
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:2‘\ 150 ’5,“07 max g
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- 4 i
K(S J) x 10 u /SL,max

Figure 2-23. (a) Dependence of laminar flame speed on stretch x as computed in
counterflow twin flames for the different H,/CO/air mixtures of Venkatewaran et al. [11].
(b) Same turbulent flame speed data shown in Figurg-1 [11] but normalized by the s

values shown in Figure 2-23a instead o8_, .

L,max
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For completeness, we also mention that the phenomen rapid flame propagation
along the axis of vortex tubes has been takendatwsideration as a possible model for
the burning rate of leading points [4]. This idess mot seen much development for the
modeling of Lewis number and preferential diffusieffects but several turbulent
combustion models have focused on this flame praj@y mechanism [64]. The
possible role of vortex tubes in the formationedding points will be explored further in

Section 3.6 and Chapter 5.

2.4.2 Dynamical significance of leading points

Few results addressing the problem of modelingitepdoint dynamics and statistics in
turbulent flames are available in the literaturginty because the basic leading point
argument itself is somewhat phenomenological anthnes to be put on firm theoretical
footing. However, there are two instances wherdaading points concept can be clearly
proved.

The first instance regards the application of tlenogorov-Petrovskii-Piskunov (KPP)
theorem to a statistically stationary, one-dimenal turbulent flame (see Appendix A in
Ref. [6] and Ref. [141]). For this geometrical agofation (schematically shown in
Figure 2-24a), the balance equation for a Favrerayed progress variable can be

written as

oc _0(__ ot _=

ig 2~ =~ — |+ pw 2.29

o' =2 0 %] 7 (2.29)
. ion

propagatiort turbulent diffusion

convection
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where p" is the unburned gas density, “ " refers to ense@meraged quantities, “~”
refers to Favre’ averaged quantities (i.e. dens@ighted ensemble averagéd- E:/ P),

@ is the Favre’ averaged reaction rate ddrepresents the turbulent diffusivity (which

may be variable and depend 6i). Equation (2.29) under the assumptions

1) D; >0 (gradient turbulent transport)

2) pw>0

3) a%(,ﬁzDTfo) >0 anda%(,szT&))

¢=0 ¢=0 ) max(%(ﬁZDT&)J

admits a class of solutions known as “pulled frofds which the propagation speesi

is controlled by the leading edge of the turbuféare brush ¢ =0):

(2.30)

¢=0

Assumptions 1)-3) are satisfied by several turbueamixed combustion RANS closure
models, and it is customary to utilize the KPP tkaoto obtain estimates of turbulent
flame speed [142]. Within this framework, the “lesgl points” controlling the turbulent
flame propagation are defined as those points wliere0; we will refer to this
point/surface as the “flame brush leading pointthis thesis work.

Despite being rather straightforward, this charéagion of the leading points suffers of
several drawbacks. First, the validity of assum#id)-3) has not yet been proven for
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turbulent premixed flames even though many closnoelels satisfy these restrictions.
Second, a perfectly statistically stationary ormetisional turbulent flame is not
realizable experimentally because this configurai® intrinsically unstable. Turbulent
flames that approximate these conditions can biezeeain slightly divergent or slowly
swirling flows, such as in low-swirl burners (LSBAs an example, Figure 2-24
reproduces an image from the low-swirl-burner (LS&) Marshall et al. [143].
Nonetheless, most turbulent flame brushes devetop &ttachment points that constrain
flame motions and impede turbulence from fully Wiling the flame in their vicinity:
predictions inferred from statistically stationasype dimensional flames are often not
appropriate in these conditions [144, 145], and ihot clear how to identify leading

points for these situations.

X+ Products c¢=1 &

Reactants ¢=0 ¢

d

Figure 2-24. (a) Schematic of a statically one dimsional stationary turbulent flame (b) Mie

scattering image from LSB burner of Marshall et al.[143] (d = 36mm, 50/50 HCO, 0.55

equivalence ratio, STP conditions). Reactants ardofving from below. Flame edge (green),
instantaneous leading point (yellow Xx) and averag@rogress variable, ¢, (white), are

overlaid onto the raw image.
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Third, experimental or numerical study of the |eadedge characteristics of a turbulent
flame brush is problematic because of difficulty gathering enough data to develop
meaningful statistic; indeed, the= 0 point in any real data set of finite size lietlat
point where a single realization of the flame oscuMote also that within the KPP
interpretation, the flame does not possess legalings for the majority of time instants,
as the point on the flame that instantaneouslyfhaethest into the reactants may occur
over a range of¢ values. This makes it difficult to clearly identithe physical
mechanism through which leading points influence dlverall flame propagation. We
will refer to these points as “instantaneous leggtiaints”, indicated by the yellow “x” in
Figure 2-24, where the instantaneous flame fromvisrlaid on top of time averaged
progress variable contours. For the turbulent flaier@alyzed by Marshal et al. [143], for
90% of the flame realizations the position of tlestantaneous leading points” occurs
over the0.02< € < 0.6€ range, with an average location@&it!0.24— 0.3(, depending on
turbulence intensity and fuel composition.

The second example that clearly shows the signifieaf the leading points in uniquely
controlling the burning velocity is shown in Figuge25a, following Ref. [11]. This
figure illustrates an initially flat flame propagsg in a spatially varying, but temporally
steady, flow field in which the velocity isocontsuare parallel to the direction of flame

propagation. If the laminar burning velocity, , is constant, then it is seen that the

portion of the flame at the lowest velocity poipgint “B” in the figure, propagates out
the fastest. In the lab-fixed coordinate systera,fthme at Point B moves at a speed of

s +(a u)LP, where the subscripLP” denotes the leading point. Moreover, it can gasil

be shown that, after an initial transient, the renfront reaches a stationary shape and
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propagation speed with the vaIwg+(Au)Lp as shown in Figure 2-25b. As such, the

front displacement speed is controlled by the legdgioints of the flame that propagate
into the lowest approach flow velocity regions aheéthe flame. This example clearly
illustrates that the resulting increase in flameaamduced by the spatially varying
velocity field is theeffectof the higher displacement speed, notdhese Finally, note

that in this steady state example, the “flame brigstding point” and “instantaneous

leading point” coincide.

Flan

Initial flame shag

= Steady-state flan
(.-0— | )
el W shape

Mean Flow

() (b)

Figure 2-25. Model problem of an initially flat flame propagating into a spatially varying
flow field (a); level set computation of the modebroblem, where the initial and final steady-
state flame shapes are shown (b) [11].

More generally, if the unidirectional periodic veity field is given byu(x)= f(x),
then it can be shown that the burning velocity atgé times is given by
s, +max(-f(x)) (proved in Appendix C). In other wordthe burning velocity is
controlled by conditions at a discrete spatial goan points and is independent of the

initial conditions and the details of the flow fielsuch as the scale size of the velocity

inhomogeneities. This latter model problem becomese complicated if the flow is
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unsteady or three dimensional. In this case, tlagiadposition of the leading point may
evolve in time: following the terminology of ReB,[10], the leading point may no longer
be “quasi-steady”, and it is unclear how to apelgding points argument in this case, or
if this approach is even valid. This thesis wotkegup this problem in detail in order to

examine the dynamical significance of leading piat described in Chapter 4.
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CHAPTER 3
LEADING POINTS BURNING RATES

Given the background provided in Chapter 2, itdet# that information about the
structure of the flame front (especially near thebtlent flame brush leading edge) is
needed to critically evaluate ideas put forward|égding points concepts and, more
generally, to improve models for the turbulent feapropagation of negative Markstein
length flames. In particular, this chapter analyzeading points burning rates by

investigating:

1) local flame front characteristics (flame speedmfitathickness, curvature and strain)
of turbulent premixed flames

2) how these flame front characteristics compare taehtaminar flame calculations
and to “critically” stretched laminar flames

3) how this comparison changes for those portion efftame front located near the

leading edge of the turbulent flame brush.

To achieve these objectives, this chapter analgzest of direct numerical simulations

(DNS) of highly stretch sensitive flames, describeg Aspden et al. [71]. These

simulations consider very leanp/Mir flames (= 0.31) at moderate and extremely high
turbulent intensities. In these conditions, thee@f of non-unity Lewis number and

preferential diffusion of species (Section 2.1) #re dominant factors influencing the

overall flame structure and propagation charadtesis as a consequence, these
simulations represent a good testing ground fadifgppoint concepts.
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In order to interpret the statistical informatiobtained by the DNS database, we
calculate reference, one-dimensional computatiohsstietched premixed flames in
several geometrical configurations shown in FigghE a planar counterflow twin flame
(PCF), a tubular counterflow flame [40] (TCF) andexpanding cylindrical flame (ECF)
ignited from a pocket of burnt gases. These differgeometries are useful to isolate
various nonlinear and unsteady effects (see Se2tib2) and allow for a comparison of
flame response to stretch rates that are imposedgh both hydrodynamic stretch and
flame curvature. Results for a few other flame getias (tubular flames with an inner
wall and spherical flames) related to those shawFigure 3-1 are presented in Appendix

A.3.

ee]

Flame

e

Flame
St

Figure 3-1. Premixed flame geometrical configuratios utilized in this study as model
problems to investigate strongly stretched flamesplanar counterflow twin flame (PCF,
left), tubular counterflow flame (TCF, center), exmnding cylindrical flame (ECF, right).

The rest of the chapter is organized as followsti&e 3.1 briefly overviews the
conditions and numerical methods used to competehitee model geometries of Figure
3-1 as well as the characteristics of the turbullames computed by the DNS. Section

3.2 details the definitions of local burning raflame thickness, curvature and flame
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strain used in this thesis to investigate the sinecof the turbulent flame front and
compare it to the 1D laminar computations. Furtteen the procedure utilized to
identify the leading edge of the turbulent flameidbr is described. Results from the
model laminar flame computations are outlined ircti®a 3.3. Analysis of the DNS
database is then presented in Section 3.4 forrtieedlame front and in Section 3.5 for
the portion of the flame front at the leading edgmally, in Section 3.6 the chapter

concludes with a critical appraisal of the resalitained.

3.1 Numerical procedures

All the numerical simulations considered in thigpter utilize the transport coefficients,
thermodynamics properties and chemical kineticthefH/O, system of the GRI 2.11
mechanism [146] and a mixture averaged formulaf©h3] to model molecular
diffusion. We consider an #air flame at an equivalence ratio @& 0.31 and with an
initial reactants temperaturg' =298K and at pressur@ = latm. For these conditions,
a PREMIX [147] calculation shows that the unstretthlaminar flame speed is

S, =4.68cnj < while the flame thickness computed from the maximwalue of the
temperature gradient ig, = (T°°~T")/(dT/ dy, =1.9mn, where T*°=1212K is

the adiabatic flame temperature, and the full waltthalf maximum (FWHM) of the H

consumption ratey, profile is J,,,=0.67mm.

First, we briefly describe the computational apph®s used to model the three flame

geometries shown in Figure 3-1; further details eovergence studies are presented in
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Appendix A.1. The PCF was simulated utilizing thanslard OPPDIF code with an arc-
length continuation technique to capture the eftinc point as implemented in
CHEMKIN-PRQ® [147]. For the TCF configuration, a modified versiof the OPPDIF

code adapted for the cylindrical geometry [40] wased. The half jets distandg’2 for

the PCF and the external radie®f entrance of the fresh gases for the TCF, weth b
chosen equal to tin to ensure that the outer boundary conditions obaffect the
flame structure at low strain.

The ECF was simulated with an isobaric, one dinwmrai formulation of the
conservation equations in cylindrical coordinat€éee continuity, thermal energy and
species equations were discretized and solved thiéh finite element method, as
implemented in the commercial software COMS@148]. The initial conditionst(= 0)

imposed for temperature , species mass fractions and gas velocity are

T°%, 0<r<R

TY, R<r<w

Y%, 0< r< R

ufrt=0)=_=C 3.1
¢ Rerew OO (3.1)

T(r,t=0)={ Yi(r,t=0)={

which corresponds to a quiescent cylindrical pockétradius R composed of
equilibrium combustion product¢”® at the adiabatic flame temperaturé® immersed
in the fresh mixtureY", T"). Calculations were performed for different initiadii, R,

ranging from J;, to J;,/4, which is close to the critical radius of ignitidar these
simulations. To avoid numerical difficulties, theéep discontinuities in the initial

conditions were smoothed over an interval of lendth/10 centered aroundR. It is
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important to recognize that a real expanding cyload flame at these conditions quickly
develops a cellular structure because of thermfosgiife instabilities - this one
dimensional model suppresses this effect. Howetldg assumption was invoked
purposefully since the key point of this computatisas to determine the sensitivity of
curved cylindrical flames, and not as an actual patation of the dynamics of a real
expanding flame.

The flow conditions and characteristics of the Dbi&abase that is analyzed in this
chapter are described in detail in Ref. [71] arféremces therein. The software utilized
for these simulations is based on a low-Mach-nunfbenulation of the reacting flow
equations for which the limitations imposed by eurant-Friedrichs-Lewy condition
do not require the very small time steps neededlégsical DNS codes based on fully
compressible Navier-Stokes equations. The code iagdements an adaptive mesh
refinement strategy to resolve the flame zone a&gibns of intense vorticity in greater
detail. The combination of these approaches allfawghe simulation of flame fronts
over long durations and enables meaningful estsnatdurbulent flame brush features
[71, 91].

The DNS considered in this chapter were performedai computational domain

consisting of a high-aspect-rati®d&.,:55,,:405;,) parallelepiped volume where the

flow was initialized with fresh Hair mixture beneath the hot combustion products,
resulting in a downward-propagating flame. Periddieral boundary conditions were
specified, along with an insulating free-slip fixeall at the bottom of the domain and
outflow at the top. A density-weighted forcing teimthe momentum equations was used

to maintain the turbulent background, characterizgd an integral length scale
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./, =0.5 and turbulent intensities'/s , =3.69 (Case A31)u'/s, =17.1 (Case B31),
u'/s,=32.9 (Case C31) andi'/s, =106.8 (Case D31). This numerical configuration

does not have a direct experimental analogue,Hisitapproach is preferred to using an
inflow boundary as it allows for arbitrarily lardgarbulence levels that are numerically
incompatible with an inflow boundary condition. Eher details of the DNS database are

reported in Table 2, where the Karlovitz numberniBéhler number, and Reynolds

number for the various cases are listed.

Table 2. Turbulent flame properties for the four simulations at equivalence ratiog= 0.31.
The Reynolds numberReis evaluated utilizing the kinematic viscosity othe reactants ' =
0.175 cm?s (viscosity of the adiabatic equilibrium products & ten times higher /)= 1.74

cn/s)

Case A3l B31 C31 D31
&, [mm] 1.9 1.9 1.9 1.9
s, [cm/s] 4.68 4.68 4.68 4.68
u'/s., 3.69 17.1 32.9 106.8
l,/3:, 0.5 0.5 0.5 0.5
r, =u'/l, 7.38s,,/0;, | 34.2s,/9;, | 65.8s ,/d;, | 213.6s ,/3;,
Ka=(u®l/$dr0) 10 100 266 1562
Da=(l,/&,)/(u/s,) | 1.36x 10" | 2.92x 10° | 1.52x 10° | 4.68x 10°
Re= u}/v* 9.4 43.4 83.6 271.3

According to the Borghi-Peters diagram (see Sec@) case A31 and B31 are in the
“thin reactions zone” regime while case C31 and B8 in the “distributed reactions
zone”. However, reactions remain confined to tihanfs for all the cases (see Figure 5 in
Ref. [71]) and no transition to distributed reanfids observed. This is the result of the
strong effect of non-unity Lewis number and prefeied diffusion of species which

substantially increase the reaction rate of paaliigtretched flame elements as discussed
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in Ref. [71] and in the next sections. Similarlyrtmst DNS studies, the magnitude of
Da and Re of these simulations is small relative to manyegkpents (such as those
described in Chapter 1) and turbulent premixed dsnof practical interest. These
limitations, which depend on DNS computational iegments, will be commented on

further in Section 3.6.

3.2 Definitions

Burning velocities were calculated using the sanoegdure described in D&y al.[28].
As described in Section 2.1.1, this definition reecf the most numerically robust and

meaningful definition of burning speeds. For theedéhdimensional flames obtained by

the DNS, this procedure starts with the tesseltatiba temperature isosurfadg, , and

the construction of normal vectors by extendinghglmtegral curvess; of temperature
gradient. A prismQ, can then be built as shown in Figure 3-2. Thesaomption speed
S is then calculated by integrating the hydrogensmasmsumption ratey, over theQ

volume and normalizing by the aref,, intersection betwee@ and the flame surface,

multiplied by the initial hydrogen density contaihie the reactantfp, )

reac

_ Jy@d0
(pYHz) Aes

reac

S

(4

(3.2)
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The mean curvatur& . and strain rate; are computed at the flame surface using the

identities (see Section 2.1)

A AN
(2}
no
O
=}
S=

- (3.3)
—-An:dJuo+00
where i is a unit vector locally aligned with the temperat gradient andi represents

the gas flow velocity vector. The following analeguof equation (3.2) are used for the

geometries of Figure 3-1:

PCF: s, = szcqu dx / (o \q) (3.4)
TCF: s, =wa2 rdr/[(pYHz)reac Re& (3.5)
ECF: s = T@z r dr/[(,oYHz)reac Ref} (3.6)

where, for the two curved flames geometri®s, corresponds to the radial position at
which the temperature is equalTg, , and K, =1/R, . The reference flame isosurface in
the above definitions was chosen as Tpe=1088K isotherm, which corresponds to the
position at which the consumption rate of hydrogen peaks in a laminar one

dimensional unstretched flame, as calculated by NPRE[147]. Sensitivity studies

(presented in Appendix B.1) were performed by répgahese procedures usimg,
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surfaces 090K and1190K for the model calculations and DNS, showing littenge

in the conclusions presented later in this chapter.

Consumption
Rate (A.U)

09
. 0.82

‘Consumption Rate (A.U.)
o
@

3 95 0 os

r 1
Distance From Flame (mm)

Flame Surface -

Figure 3-2. Prism shaped volumeQ, constructed using curvess; locally normal to the

temperature isotherms; the inset plot shows a typad variation of a')H2 along s; [28].

To determine the local flame thickness, temperaang H consumption rate fields were

interpolated along the integral curves of Figure 3-2. From these profiles, a flame
thickness based on maximum temperature grad@&niand full width at half maximum

of H, consumption rate profileg,,,, were defined for each of the triangular elements

dividing the flame surface as

_l 3 Tb,O -TV
s :%iFWHM(dJHZJ (s)) (3.8)
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where the summation is taken over the theeecorresponding to a single triangular

element. The lengths). and J,, are intended to provide an estimate of the local

thickness of preheat-zone ang Ebnsumption layer, respectively. Also, note thad t
difference T®°-T" used to normalize the temperature gradient islpuereference

value, since the local temperature values in legirdgen flames can differ from the
adiabatic flame temperature, due to Lewis numbfacef and preferential diffusion of
species. The analogous flame thickness definittonsghe 1D geometries are readily

obtained by substituting; in equations (3.7) and (3.8) with either for the TCF and

ECF, orX for the PCF, and discarding the averaging ovéewifts; .

z uonegedod
BLUE|J JO LIOIIOAIIP UBDJA|

O.iS 0.5
x [em] y [em]

Figure 3-3. Instantaneous snapshots of theél, =1088K isosurface colored by local

consumption rate S, for case A31 (left) and C31 (right). The transparet plane (¢ = 0.05)

indicates the z-position at which 1/20 of the totalconsumption of H in the entire
computational domain is reached. The flames are ppagating upward in these images.
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Statistical data for the DNS were gathered at mleltiime instants on temporal intervals
in which the turbulent flame can be considereddteally stationary (see Figure 7a in
Ref. [71]). To identify the leading edge of thelulent flame brush, the Htonsumption
rate field was averaged spatially at each timeamtsin the direction perpendicular to the
mean direction of flame propagation, obtaining @ dimensional average consumption
rate profile. Based on this profile, the leadingedf the flame brush was then defined as
the portion of space comprised between the mosgtaiar lying flame position towards
the reactants and the position at which the cunvelaaverage Kkl consumption rate
reaches 1/20 of the total. This particular values whosen for practical reasons as a
compromise between collecting values sufficientlyse to the edge of the flame brush
and having enough realizations across differenpsimats in time to build meaningful
statistics (see Appendix B.2). This procedure isiexjent to defining a progress variable
C at each time instant based on the instantaneonsuogtion rate of Hand then
defining the leading edge as the regl@a € < 0.05 as shown in Figure 3-3. We note also
that implicit within the approach described aboge an ansatz that the flame is

statistically flat.

3.30ne dimensional numerical simulations

In interpreting the results, it is important to @goize that the sensitivity of premixed
flames to large stretch values is not unique, blunation of the stretch profile through
the flame and, therefore, the configuration in vahtice calculation is performed [42, 49]

(see Section 2.1.2). This also implies that the imam burning rates IS not a

L,max
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unique quantity but varies with geometrical confagion. In order to illustrate this

sensitivity, Figure 3-4 presents consumption spegdvalues plotted against flame

stretch,x, for the geometries shown in Figure 3-1. The dtreéte, «, is evaluated at the

T

ref

isotherm applying the following definitions:

d
pCFx = 94 TCF:4 = % ECFx =i% (3.9)

0z 0z R,

where u, represent the flow velocity in the direction (see Figure 3-1) ang, is

defined as in equations (3.5) and (3.6). A maxinuahue of the burning velocity is only
evident for the PCF. This is due to the fact tinaFigure 3-4, as in all the following
figures, results for the ECF are plotted startirayf the time instant at which maximum
H, consumption rate is reached, to avoid plottingittigal phase of the ignition process
(see Appendix A.2). It is known that for lean/&lr mixtures ignition transients can be
quite long [41], as evidenced by the slow convecgeaof the various ECF toward a
common solution at low stretch rates. A maximumning velocity is more ambiguous
for these flames, as it is difficult to differertgathe ignition transient from the quasi-
steady stretch sensitivity. Results for the TCFadse plotted up to the highest values of
consumption speed, which is reached just beforenaidan, as for the PCF. At low
stretch rates, all five curves tend to convergeatols a common solution as expected, but
diverge for higher values; e.g., curved flames ldigja higher consumption rate then the

PCF. These curves also suggest that for this flame values of about 12-18 times

74



larger than the unstretched burning velocgy can be achieved, depending on how

flame stretch is applied.

200 300 400

K5T O/S 0

0 100

Figure 3-4. Consumption rate S, dependence on stretch ratex for PCF “ * ”, TCF “ o7,
ECF with different initial ignition radius ( R/d,=0.25 “¢", R/&,=0.5 “o,

R/6=0.75"A", R/ =1"x").

For reference, Figure 3-5a re-plots several ofdleses as a function of curvature. The

flame thickness itself is a strong function of @ture/stretch rate as shown in Figure

3-5b and c, which plot the ratio of unstretchedttetched flame thicknes$ and J,,, as

a function of mean curvaturk., for the curved laminar flame geometries. The riggu
shows that increasing curvature can reduce theeflimecknesssd. up to 6-8 times and
J,, up to 2.5-3 times relative to the unstretched 8affor the TCF, Figure 3-5¢ shows
that J,, at first becomes thinner with increasing curvatme then thickens because the

flame is pushed closer to stagnation axis Q) reducing the residence time available for
the reactions to complete. A€.J;, ~ 7 the curve is terminated, because for curvatures

larger than this value the flame has been pushetose to stagnation axis that the H
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consumption ratey, atr =0 becomes larger than half of the maximum value,ingak

d,, ill-defined. The thermal thicknes®) instead increases monotonically as the flame

becomes more curved as shown in Figure 3-5b. FerBGF, however, both flame

thicknessesd,,, and J; display a non-monotonic behavior [41, 48]. Forfisiéntly low

values of curvature, however, ECF are thinner th@F.

18 10 3
S % tQ[\‘ [3 v “w / \\
2. 9 p \ﬁ TR o 20 A
Y % o : \
7 { s
3 2% ’
a b c
% 2 4 6 g8 10 % 2 4 6 g8 10 b 2 4 6 8
KC 70 KC§T0 KC 70

Figure 3-5. Consumption rate s, (a), inverse of flame thicknessd; (b) and J,,, (c) plotted
against mean curvature K. for the curved flame geometries: symbols are theame as in
Figure 3-4.

Finally, Figure 3-6 presents the strain rétg for the curved flame geometries in Figure

3-1 calculated at thg,, =1088K isosurface utilizing the following expressions:

PCF: KS:%”ZZ:K TCF: KS:%“ZH% (u< 0
f

! (3.10)
ECF: Kg=—— (u,>
= (4>9

ef

For the PCF, strain rate and stretch are the sahie for TCF and ECF strain rate

depends also on the curvature of the flame as skeclin Section 2.1. Figure 3-6 shows
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that for the same value of curvatuke. the stretch rateg for ECF and TCF are similar
while the strain rateK¢ differ substantially. As explained in Section 2K, is a

measure of the flow velocity spatial gradients dbotion to flame stretch. The
geometries of Figure 3-1 are each characterizeal different flow field structure and this

represents another reason why their responsectolstrate is not the same.

{Terms) *5T0/SL()

Figure 3-6. Strain rate Kg and stretch rate K dependence on curvatureK . for expanding
cylindrical flame (ECF) with R /J;,=0.25 and tubular counterflow flame (TCF). Every
quantity is calculated at theT,, =1088K isosurface applying equations (3.9) and (3.10).

3.4 Turbulent flame front structure

3.4.1 Local flame front curvatures, shapes and strain rags
In this section, we start the analysis of the DNf®ulent flames by studying their local
curvatures, shapes and strain rates. Firstly, duengtry and shape of the flame front is

investigated in terms of principal curvaturksand k, (K. =k, +k,, k, <k) in Figure
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3-7. This figure shows the joint PDFs, weighteddoga, of the principal curvaturds
and k, of the T, =1088K isosurface for case A31 to D31. From this figurean be

seen that the probability of measuring larger v&lak curvatures grows as turbulence

intensity increases and that most of the =1088K isosurface exhibits convex toward

the products (negatively curved.<0) geometries, especially at high turbulent
intensities. However, at positions where tig, =1088K isosurface is negatively

curved, the flame is likely non-burning becauseaha strong non-unity Lewis number
effects and preferential diffusion of species cht@zing these flames. In fact, for these
types of flames, joint PDFs weighted by area h&eeundesirable effect of including in
the statistical analysis large portions of non-ingrflame area. A possible solution to

this problem would be to define the “flame area’ts portion of theT,, =1088K
isosurface over which the fuel consumption rateal®ve a given threshold [28].

However, this threshold is arbitrary. The strateglopted in the rest of the chapter,

unless otherwise specified, consists in weightirgRDFs by the local fuel consumption,
_[Q@de, rather than aread, (see Figure 3-2). With this approach, portionghef

flame front that are not burning are excluded frthva statistical analysis without the
inclusion of arbitrary parameters. Besides, theegrdl of PDFs weighted by fuel

consumption is physically meaningful because é@gsal to the total consumption rate of

fuel over the entire computational domain and redly related to the total turbulent

flame speeds; (see Chapter 1).
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Figure 3-7. Area-weighted joint PDFs of the princi@l curvatures k, and k, (K. =k, +k,,

k, <k;) of the T, =1088K isosurface for case A31, B31, C31 and D31. The P®Rre

normalized to the peak values. Small pictures in thfigure of case A31, show a classification
of the flame shapes in (from top, clockwise) sphexal and cylindrical convex toward the
fresh gases, saddle-point, cylindrical and spheritaonvex toward the burnt gases (arrows
point toward the unburnt side).

Figure 3-8 shows the same data of Figure 3-7, mighted by local fuel consumption;

clearly, much of the negatively curved portionsh@f T, =1088K isosurface have been

excluded in these plots. From this figure it carsben that at low turbulent intensity (i.e.
Case A31) most of the fuel is consumed by flamenelgs with a cylindrical/spherical
shape convex toward the reactants. For higher kembuntensities, instead, the flame
becomes more tightly wrinkled and exhibits alsodé&gboint and cylindrical toward the
products geometries. Figure 3-8 also shows thamibet highly curved elements tend to
have a cylindrical geometry [59] and this partigligtifies the choice of cylindrical one-

dimensional geometries in Figure 3-1, as also dsediin Section 2.3.
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Figure 3-8. Fuel consumption-weighted joint PDFs oprincipal curvatures k; and Kk, (
K. =k +k,, k, <k) of the T_, =1088K isosurface for case A31, B31, C31 and D31. The

PDFs are normalized to the peak values. Legend is¢ same as in Figure 3-7.
Secondly, we analyze the local strain rates atutimilent flame fronts. Figure 3-9 shows

the fuel consumption weighted joint PDFs of straite Ky and curvatureK. for cases

A31 to D31. Mean strain rate values increase witindasing turbulent intensity with the

peak probability in these joint PDFs is approxirhatecated atK ~¥7,=u'/l, (see
Table 2). For each case the correlatlon- K. is negative, similarly to past DNS studies

which considered lower turbulent intensities [1@B]L As discussed in Section 2.3, this
trend arises from defocusing of heat in front oipeely curved flamelets, and vice
versa for negatively curved flamelets. However, -naity Lewis number effects and
preferential diffusion of species tend to increé$ecrease) the temperature at positively

(negatively) curved portions of the flame front tasting the effect of heat defocusing

(focusing). For this reasoK values are more skewed toward positive values than
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data presented in Figure 2-19, even though weiglthia joint PDFs by fuel consumption

tends to highlight positively curved portions oétfiame front for whichKy tends to be
negative. Furthermore, foK. ~ 0, the spread between lower and higher value& of

tends to be larger than for highly positive or lyghegative K. values (i.e. the joint
PDFs have a triangular shape) and this spread gnothisincreasing turbulence levels.
This is due to the fact that foK. ~ O strain rates are dominated by random turbulent
straining rather than correlation with curvaturenafly, it is interesting to note that the
negative correlation oKy and K. differs from the data presented in Figure 3-6ther
laminar flame calculations, for whickKg increases monotonically wittK.. This

observation affects the comparison between lamandrturbulent flames especially for
highly curved flame elements which are of intefesthe study of leading point burning

rate models as detailed in the next sections.
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Figure 3-9. Fuel consumption-weighted joint PDFs ofurvature K. and strain rate Kq at
the T, =1088K isosurface for case A31, B31, C31 and D31. The P®Bre normalized to
the peak values.
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3.4.2 Case A31

In this section we compare the local charactessfitame speed, flame thickness,
curvature and strain) of the turbulent premixedn#aobtained in Case A31 with the
laminar flame computations described in Section Bt low turbulent intensity of this
case makes its description simpler compared tottner cases which are discussed in the

next section. In the following discussion, flamerfr characteristics are described in term

of local mean curvaturé., since strain rates are relatively low (see Figg«®) and

most of the flame front displays a cylindrical pherical shape (see Figure 3-8).

Figure 3-10 presents fuel consumption-weightedtjBiDFs of mean curvatur&. and
burning speeds. (a), inverse of flame thicknesy (b), J,,, (c) and strain ratég (d)

and compares them with data obtained from lamitzands computations described in
the previous section. These figures show that tbsitipn of the joint PDFs peak
probability is approximately situated between thenihar simulations except for the
strain rate; for reference, in Figure 3-10 aboo5df the total H burning is comprised

by flame elements inside the iso-contour 0.4 of jfist PDFs. On the contrary, the

strengths of the correlatiors - K., & —K, Jd,, - K. are weaker than that predicted

by the model laminar flames calculations. This nse#@mat highly positively curved

flamelets tend to burn less intensely and tencetthicker than the model laminar flames
with the same curvature, and vice versa for flanegatively curved flamelets. These
trends are explained by the negative correlatidwdsen strain rate and curvature which

is opposite to the monotonic increase of straie rmaith curvature characterizing the

laminar model flames. In fact, Figure 3-10d suggésat at high curvatureK(d;, >1),

the strain rate at the turbulent flame front tetadbe lower than what is predicted by the
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model laminar flames and vice versa at low cunesyK.oJ;, <0.5). Besides, the joint

PDFs o, -K. and d,, — K. appear to be more concentrated around the peakmfity

values and to be less sensitive to curvature vamsit For this reason, in Figure 3-10b

and Figure 3-10c, the contour corresponding toldkesst probability plotted does not

extend to curvature values as negative as thodeaf — K. joint PDF in Figure 3-10a.

The remaining dispersion in the joint PDFs datalmarexplained by unsteady effects in
the flame response. Non-flamelet behaviors arestly responsible for the disparity in
behavior between the model laminar flames and fletsiewith low and negative
curvatures. In fact, these flamelets are mostlyasetd at the borders of the cellular
structures that characterize the geometry of thée cas shown in Figure 3-3. It is known
that at these locations diffusive and thermal gnatdi are not parallel to each other due to
the low burning rates of these elements and coradite species fluxes parallel to the
temperature isosurfaces occur [28]. As a conseguethe one dimensional laminar
flames described in the previous section are nogpropriate model for the flame
behavior these locations.

Finally, Figure 3-10 shows that the consumptioredpealues of the most highly curved

flamelets (~%,,) are about half the_ . values obtained from the model laminar flame

calculations described in Section 3.3 (~1%518. A similar consideration is valid for

flame thicknesses, since the thinnest portiondi@ftairbulent flame front are about twice
as large as the critically stretched model lamitemes. This indicates that at the low
turbulent intensity and low Reynolds number chanding case A31, critically stretched
flames are not a relevant model for turbulent flapmepagation. This conclusion is

compared to what is observed at higher turbuldenhaities in the next sections.
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Figure 3-10. Fuel consumption-weighted joint PDFsfomean curvature K. and burning

speeds. (a), inverse of flame thickness), (b), J,,, (c) and strain rate K¢ (d) for case A31.

The PDFs are normalized to the peak values. Linesigerimposed to the contours refer to
results obtained from one-dimensional laminar flamecomputations (see Figure 3-5): dot-
dashed lines refer to TCF computations while solidines refer to ECF computations with

R/&,=0.25.

3.4.3 Case B31, C31 and D31

In this section, the flame front characteristicshe higher turbulent intensity cases (B31,
C31 and D31) are analyzed. Figure 3-11 shows teé dansumption weighted joint
PDFs of thermal flame thicknes with curvature K. (top row) and strain raté<
(bottom row), for case B31, C31 and D31. The fsservation from these figures is that
most of the fuel is consumed in flamelets thatthrener than the unstretched laminar

flame J;,. Contrary to what is observed for case A31, theeddence of &, on either

K. or Kg is non-monotonic due to the strong competitiowleen curvature and strain

rate effects; in fact, compared to case A31, cd&k B31 and D31 are characterized by

much higher mean strain rates, as shown in FigtBeThese trends are consistent with
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those of past DNS studies with single step chemidid5, 106] (see Figure 2-21 and
Figure 2-22) and complex chemistry [121] (see Fegaiin the cited paper) except for the

fact that here the turbulent flame front is mucimrier than the unstretched laminar

flame. Observing the bottom row of Figure 3-11sitlear thatd, is correlated withKg
only in regions where the flame is sufficientlyrthand the strain rate is sufficiently
negative or positive. For example, for case B31ctireelationd, —Kg is strong only for
J:/0; >4 and K0, /S, >60 or KJ;,/S,, < —20. For the higher turbulent intensities

of case C31 and D31 similar regions can be idetibut only with growing difficulty

because of the increased scatter of the joint RIDEg0 unsteady effects. The top row of
Figure 3-11 suggests that thick flames (i.e. lowes of d,,/J; ) that do not correlate
with K are mostly associated with negatively curved flatsefor which strain rates are
relatively low (see Figure 3-9). The negative clatien between strain rate and curvature
explain also the negative correlation betwe®g/d, and K., for K. >0. In summary,

the trends shown in Figure 3-11 can be interprateadrms of local strain rates and their
correlation with curvature. The growing dispersionthe joint PDFs for increasing

turbulence levels is likely due to unsteady effects
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Figure 3-11. Fuel consumption-weighted joint PDFsK. —J; (top row) and Kg—9J;
(bottom row) for case B31, C31 and D31. The PDFsanormalized to their peak values.

Similar observations are valid for the flame thieka measured by, ,. Figure 3-12
shows the fuel consumption weighted joint PDFslafe thickness),,, with curvature

K. (top row) and strain rat& (bottom row), for case B31 and C31, while case 331

not shown. For this latter case, the ¢gbnsumption layer is extremely contorted (see
Figure 5 in Ref. [71]) and pockets of burned gdseguently form. At the center of these

pockets, the K consumption rate does not decrease to half ofnth&imum value

computed alongs;, making d,,, ill-defined. Even for case B31 and C31, some caus

necessary when calculating,, since at some positions in the flame front theas mot
be a clear peak in the hydrogen consumption rafeatally where the flame is burning
less intensely. For this reason, the joint PDFBigure 3-12 are calculated utilizing only

flame elements for which the;Htonsumption ratey,, at theT,

ref

isotherm is greater
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than 30% of the maximum value df,, in an unstretched laminar flame, which is equal
to 0.575 kg/(nfs). Despite these difficulty in calculating,,,, comparing Figure 3-11

and Figure 3-12 it is clear that the overall shapéhese joint PDFs is similar, which

suggests thad,,, and &, are controlled by similar physical phenomena.
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Figure 3-12. Fuel consumption-weighted joint PDFsK. —=3J,,, (top row) and K¢ -9,
(bottom row) for case B31 and C31. The PDFs are noralized to their peak values. Only
flame elements withay,, at T, =1088K larger than 0.3 timesO.575kg/( maé are utilized

to build these joint PDFs.

Finally, Figure 3-13 shows the fuel consumption gi#ed joint PDFs of consumption

speeds, with curvatureK. (top row) and strain rat&, (bottom row) for case B31, C31

and D31. These figures indicate that consumptigeeds correlate better with local

mean curvature rather than strain rate unlike Itlcafmal flame thickness. This is

probably due to the fact that strain rates andatures have a different influence on the
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thermal gradients than on the structure of theti@azone. Similar trends were observed
for a stoichiometric Kair flame (@=1.0, T' =700K, u'/s,=1.74, |,/J;, =2) in Ref.
[121], where it was found that local heat releaste correlated better with curvature
rather than strain rate (see Figure 8 in the @gokr) while the flame thickness behaved
as in Figure 3-11 and Figure 3-12 (see Figure théncited paper). Furthermore, Figure
3-13 shows that the consumption speed is positivalgrelated with curvature (as

expected for thes#la, <0 flames) and the data become more scattered asrthéence
intensity increases passing from case B31 to D86 hkghly positively curved flamelets,
the correlations, — K. appears to be negative, as pr- K., but the correlation is much

weaker. On the contrary, the dependence on stsamore difficult to interpret and no

correlation is easily distinguishable.
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Figure 3-13. Fuel consumption-weighted joint PDFK — s, (top row) and K —s, (bottom
row) for case B31, C31 and D31.
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Given the complexity of the trends described inukég3-11, Figure 3-12 and Figure
3-13, it is clear that a direct comparison betwésmminar flame models and local
statistics of the turbulent flame structure habegerformed with more care, unlike that
performed in the previous paragraph for case A3is I mainly due to the increased
geometrical complexity of the flame front, the sger interaction between curvature and
strain rate and the growing influence of unstedtigces for these three cases compared
to case A31. For these reasons in the next twapaphs, the flame front characteristics
are analyzed distinguishing between different gadegein an attempt to provide a better
comparison with laminar flame computations. Sinositpvely curved flamelets (either
cylindrical or spherical) and positively strainddtfflamelets are candidates for being

leading points flamelets, the next two sectionsifoon these two geometries.

3.4.3.1 Cylindrical and spherical flamelets

This section investigates the structure of thencdlyical and spherical shaped portions of
the flame fronts of case B31, C31 and D31. To ifiergpherical and cylindrical
geometries only flame elements with positive ppati curvaturesk, >k, >0 are
considered (see Figure 3-8). It should also bedhfitecase A31 most of the flame front
displays cylindrical and spherical geometries (Begire 3-8) and thus it is possible to
compare directly the data described in this sectuith the data presented in Section
3.4.2.

Figure 3-14 shows the fuel consumption weightedtj6iDFs of local mean curvature

K. with consumption speed, (a), inverse of flame thicknes¥ (b), J,,, (c) and strain

rate Ky for the cylindrical and spherical flamelets ofea@B31. Since the large majority
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of the flame elements presented in this figure cr@acterized by a high consumption

speed (unlike the data presented in the previoososg, J,, is well defined and no

further conditioning of its joint PDF witlK. is necessary.

5T0 /5T

KordS10

C 10 Cc 10

Figure 3-14. Fuel consumption-weighted joint PDFsfomean curvature K. and burning

speeds. (a), inverse of flame thickness; (b), J,,, (c) and strain rate K¢ (d) for case B31.
These joint PDFs are built utilizing only positionsat which the principal curvatures of the
T, =1088K isosurface are both positive k, >k, >0: cylindrical and spherical shaped

elements). Legend is the same as in Figure 3-10.

Similarly to Figure 3-10, the position of the joilRDFs peak probability falls on top of
the model laminar flame computations, which areesgnted by the thick black lines
superimposed to the contours of the joint PDFs.sTip@ak probability occurs at
substantially higher values of curvature and cormgion speed and substantially lower

values of flame thickness than for case A31. Onctivdrary, the overall dependence of

S., & and g, does not agree with the model laminar flame catows. The main
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reason for this behavior is due to the oppositecefbf K. and K on the flame

structure as described in the previous sectiofiadh Figure 3-14 shows that strain rates
and curvatures are negatively correlated for thdbulent flame while for the one-
dimensional model laminar flames strain rates @seemonotonically with curvature.

This effect was already present for case A31 butése B31 it is much stronger because

of higher values oK. At K. ~ 0, the strain rate tend to be extensive (i.e. pasjitand

flame elements tend to be thinner and burn moensgdly than the model laminar flames

with the sameK_ ; in these conditions the effects of curvature laes important than

strain rate, as described in detail in the secBoh3.2. At K. >0, instead, flame

elements are subject to compressive strain ratéshwdounteract the effect of positive
curvature (see Figure 3-9). Incidentally, it isoailsteresting to notice that the dependence

of s, on K. follows better the laminar models results th@nand J,, flames because,

as noted in the previous section, consumption speésks sensitive to the local strain
rate than flame thickness.

Similar considerations are valid for cases C31 Bfd, whose statistics are shown in
Figure 3-15 and Figure 3-16, respectively. For da3# in Figure 3-16 the joint PDF of

J,, with K. is not shown, for the reasons discussed in théiqure section. The scatter

in these joint PDFs is higher than case B31 likklg to the growing unsteadiness of the
flame response, but the peak probability of thetjdDFs falls on top of the model

laminar flame computations even at these highdyutant intensities. This agreement
was not necessarily expected, as it is known thatsteady effects decrease the effective
stretch sensitivity of the flame [93, 97], and se had anticipated the DNS results for

consumption speed to fall below the laminar calootes. This result might be a
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manifestation of the insensitivity of curvature-siceéd flame speed modifications to
frequency, as opposed to its strong sensitivitpdasteadiness in hydrodynamic stretch

[56], that is suggested by theory (see Sectior2p.1.
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Figure 3-15. Case C31: fuel consumption-weightedijtt PDFs of mean curvature K. and
burning speed s, (a), inverse of flame thicknessd; (b), J,, (c) and strain rate K¢ (d) for
cylindrical and spherical flame elements k;, >k, >0). Legend is the same as in Figure 3-14.

Figure 3-16. Case D31: fuel consumption-weightedijtt PDFs of mean curvature K. and
burning speed S, (a), inverse of flame thicknessd. (b) and strain rate Ky (c) for
cylindrical and spherical flame elements k;, >k, >0). Legend is the same as in Figure 3-14.
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3.4.3.2 Flamelets with low curvature

As shown in Figure 3-8, for case B31, C31 and D3iktnof the fuel is consumed by
flame elements withK. ~0 (i.e. k +k,~0) and their importance increases with
increasing turbulence intensity. For this reasorhis section we investigate the structure
of flame elements with low curvature by considerardy portions of the flame front at

which the mean curvature of the,, =1088K isosurface is less than one tenth of the

unstretched thermal flame thickness (i|.IéC5TO|<O.1). This type of analysis is also
important to clarify the discrepancy, highlighted the previous section, between
ECF/TCF computations and flamelets with low curvatu

Figure 3-17 shows the fuel consumption weighted jBDFs of strain rateKg with
consumption speeds, (a) and flame thicknes®; (b), J,, (c) for flame elements

characterized byK.d;,| <0.1 for case B31. Additionally, Figure 3-18 and Fig®d9

present the same analyses for case C31 and D®Ecte®ly. As it can be observed, the
trends in these joint PDFs are well representedP @i computations (thick black line

superimposed to the isocontoturs lines) for case &®1 C31, while for case D31 there is
no agreement. It appears that the dispersion ird#t@ characterizing these joint PDFs
increases progressively with turbulence intensitil it becomes too large for the PCF

computations to be a meaningful comparison. Thsiptesreasons for this dispersion in
the data are numerous. First, most of the flamenetts with |K05TO|<0.1 are

characterized by a saddle-point geometry rather beéng perfectly flat (see Figure 3-8).
These multidimensional effects appear to affectartbe consumption rate data rather

than flame thickness data presumably because thraajey of the prismatic volum&
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(see Figure 3-2) used to calculasg, becomes very distorted when the flame has a

saddle-point geometry. Second, the response tio s&i@ is affected by unsteady effects,
as described in Section 2.1.2. Strain rates inlautent premixed flame are characterized
by a wide range of frenquencies and, as shown gar€i2-9, the structure of PCF is
insensitive to flow pertubations that vary rapidtytime. As a result, the local structure
of a turbulent premixed flame front may depend mammethe average strain rate rather
than on the instantaneous value of strain raterdT mon-laminar behaviors may be of
importance especially for flame elements charamtdriby low burning rates and large
flame thicknesses. In fact, in these conditionssitpossible for turbulent eddies to
penetrate into the flame and substantially disitgolaminar structure [7, 70-72] (see
Section 2.2). Fourth, flame merging and flame-flaméeraction may also cause
dispersion in the statistics [118]. These phenomare also important for the PCF

computations since forKg >180s,/J;, the flame has been pushed so close to
stagnation axis that theoHonsumption ratecy, at x=0 (see Figure 3-1) becomes
larger than half of the maximum value, makidg, ill-defined. This is the reason why

the J,, curves corresponding to PCF are interrupted at thise in Figure 3-18c.

Finally, at high turbulent intensities it is podsibthat turbulent eddies aid the
recirculation of hot gasses on the product sidéhefflame introducing an effect that is

not present in the PCF configuration. In the PChfigaration burned gasses are flowing

away from the flame surface for every value ofistrate K.
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Figure 3-17. Case B31: fuel consumption weighted ijt PDFs of strain rate Ky and
burning speed s, (a), inverse of flame thickness); (b) and J,,, (c). Only positions at which
the mean curvature of theT , =1088K isosurface is less than one tenth of the unstreteti
thermal flame thickness are consideredIKC5T0| <0.1. The PDFs are normalized to the peak
values. Solid lines refer to PCF computations.
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Figure 3-18. Case C31: fuel consumption weighted ijut PDFs of strain rate Kg and
burning speed s, (a), inverse of flame thickness; (b) and J,,, (c) for flame elements with

|Kcdro| <0.1. Legend is the same as in Figure 3-17.
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Figure 3-19. Case D31: fuel consumption weighted ijt PDFs of strain rate Kg and
burning speed s, (a), inverse of flame thickness), (b) and J,,, (c) for flame elements with

|Kc8ro| <0.1. Legend is the same as in Figure 3-17.
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3.5Flame front structure at the leading edge

We next analyze statistical data collected at ¢laglihg edge of the turbulent flame brush,

as defined in Section 3.2. Figure 3-20 presenta aveighted probability density

functions of the consumption rate, mean curvaturd . and inverse of flame thickness
o and J,, at the leading edge while Figure 3-21 shows aregved probability

density functions of strain rat&; at the leading edge. Area weighting of pdfs is

employed in this section instead of fuel consumptieeighting because all the flame
elements at the leading edge are burning at amaieh higher than the unstretched
laminar flame, as shown in Figure 3-20a: in theseddions area weighting and fuel

consumption weighting of the statistical data paelsubstantially similar results.

The data in Figure 3-20 show that the flame fremds to burn more intensely and in
thinner layers as the turbulent intensity is ineezhfrom case A31 to D31, values of
mean curvature at the leading edge tend to beiy®glly geometric necessity), but at
higher turbulent intensity more finely wrinkled ritees accommodate a wider range of
features in the leading edge interrogation zorg,(see Figure 3-3). In Figure 3-20d, the

PDF of §,,, for case D31 is not shown. For this case, theedhsumption rate at the

center of the pockets that can occur in the ingation region do not decrease to half of

the maximum value computed alorsy, making J,,, ill-defined, as also described in

Section 3.4.3. Figure 3-21 shows that strain ratdbe leading edge are mostly skewed

toward positive values.
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Figure 3-20. Probability density functions at the é¢ading edge (weighted by area) of
consumption rate S, (a), mean curvature K., (b) inverse of flame thicknessd; (c) and J,,,
(d). Symbols refer to different DNS cases (A31c”, B31 “x”, C31 “o” and D31 “A”).
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Figure 3-21. Probability density functions at the éading edge (weighted by area) of strain
rate for case A31, B31, C31 and D31.

To better characterize the geometries of the flateenents at the leading edge of the
flame brush, the shape of the flame front is alsaméned using principal curvaturés
andk, (K. =k +k,, k, < k) in Figure 3-22, which shows their joint PDFs, wegd by
area, for case A31 to D31. From this figure it b@nseen that most of the flame surface
at the leading edge exhibits a geometry that isdsical/spherical convex toward the
reactants and that the most highly curved elemtemis to have a cylindrical geometry
[59]. For increasing turbulence intensities, trarfé becomes more tightly wrinkled and
exhibits also saddle-point and cylindrical towand products geometries, for the reasons

discussed above.
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Figure 3-22. Joint PDFs of the principal curvaturesk, and k, (k, <k;) weighted by area

and normalized to the maximum value of weighted prbability. Legend is the same as in
Figure 3-8.

To compare statistics collected at the leading edfgibhe flame brush with the laminar
simulations, the pdf's shown in Figure 3-20 arespreged in Figure 3-23 and Figure 3-24
in terms of meany and standard deviationsy weighted by flame area. Further
statistical analysis of the data collected at #dagling edge is presented in Appendix B.3.

Meansy and standard deviation® are calculated using the following expressions

1=(2 Au)/(Z A
o= [ Aas (5-1)) (S, As)

(3.11)

where A, ; denotes the area of the triangular element (sgerd-i3-2) associated with
the i-th value x which either represents mean curvatukg., strain rate K,

consumption speed, or flame thicknes®,, andJ;.
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Figure 3-23. Leading edge mean consumption rats, (a), mean of the inverse of flame

thickness J; (b) and J,, (c) plotted against leading edge average mean cature K. .

Symbols refer to different DNS cases (A31¢”, B31 “x”, C31 “w” and D31 “A"). The total
length of the error bars is equal to o on each side. Thicker solid lines refer to ECF

computations with R =J;,/4 while thicker dot-dashed lines refer to TCF computions.
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Figure 3-24. Leading edge mean strain ratdg plotted against leading edge average mean
curvature K. . Figure (b) shows a magnified view of Figure (a)emtered on case A31, B31

and C31. Legend is the same as Figure 3-23.

Figure 3-23a shows that the 1D laminar simulatioosputed at the average value of
mean curvature reasonably follow the enhancemesdnsumption speed with increasing
turbulent intensity and that case D31 seems to o@gpr the highest values of
consumption speed and curvature calculated by theemaminar flame computations.
This conclusion seems also justified by the datd&igtire 3-23c, which show that the
decreasing trend in the average thickness of theadsumption layer with increasing

turbulence levels follows the 1D laminar simulasofigure 3-23b, however, shows that
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the structure of the thermal layer as measured,lig captured by the 1D simulations up

to case B31, while cases C31 and D31 seem to msigedy diverge from this solution.

This effect is presumably due to the presence fletsi@vith low curvature K. ~0) at the

leading edge, especially at high turbulent intéesitas shown in Figure 3-22. For these
flamelets, curvature effects are likely to be laesgortant than strain rate effects,

accounting for some of the differences between indaeinar computations and

statistics obtained from the DNS. In fact, Figurd43shows that for the same values of
curvature these case C31 and D31 are charactdnyzbijher strain rates than the model
laminar flame computations. To partially elimingitese effects, Figure 3-25 and Figure
3-26 reproduce the results of Figure 3-23 and Ei@424 but excluding all the elements
that are not cylindrically or spherically shapedalagously to the analyses presented in
Section 3.4.3.1. These figures show that the ageaemith the model laminar flame

calculations increases especially at higher turiduletensities. This agreement was not
necessarily expected, as it is known that non-gteffidcts decrease the effective stretch
sensitivity of the flame (see Section 2.1.2), anave had anticipated the DNS results for
consumption speed to fall below the laminar caloofs (note that although these are
“time averaged” leading edge values, the leadingeedurvatures for a given flame

element are intrinsically unsteady as flame featumeve in and out of the leading edge
interrogation region). This result might be a mesiftion of the weak sensitivity of

curvature-induced flame speed modifications to desgy, as opposed to its strong

sensitivity to nonsteadiness in hydrodynamic skrésé].
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Figure 3-25. Leading edge mean consumption rats, (a), mean of the inverse of flame
thickness J; (b) and J,, (c) plotted against leading edge average mean cature K.
Only positions at which the principal curvatures ofthe T _, =1088K isosurface are both

positive are utilized (k, >k, >0: cylindrical and spherical elements). Legend is th same as
Figure 3-23.
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Figure 3-26. Leading edge mean strain ratd plotted against leading edge average mean
curvature K.. Only positions at which the principal curvatures of the T, =1088K

;
isosurface are both positive are utilized k, >k, >0: cylindrical and spherical elements).

Figure (b) shows a magnified view of Figure (a) céared on case A31, B31 and C31. Legend
is the same as Figure 3-23.

The figures shown in this section allow some assess of ideas put forward by leading
point concepts. From the data shown in Figure 2428 Figure 3-24, it is clear that the
overall trend of increasing leading edge mean wbfes,, K. and decreasing; ,J,,,

with increasing turbulence levels follows closehetresults of model laminar flame
computations. The agreement improves when onlyrgm@teand cylindrical shapes are

considered to compute the leading edge mean vased)own in Figure 3-25 and Figure
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3-26. It is also interesting to notice that thentte described in this section closely mirror
those described in Section 3.4.3 (see Figure 3Figure 3-15 and Figure 3-16) for the
peak probability of the joint PDFs of cylindricahch spherical flamelets (see also
it is

Appendix B.3). Given the ambiguities and configimatspecific nature ofs

L max
difficult to make a precise assessment, but, imseof orders of magnitude, these
comparisons show that curvatures and burning uwéscican be similar to those of
“critically” stretched laminar flames especially high turbulent intensities. For the
highest turbulent intensity case (case D31), bgrmistes do appear to approach the

computed range o$ values. Nonetheless, in Section 3.4, it has bhewrs that the

L max
most highly curved flamelets are subject to congvesstrain rates which prevent the
flame from becoming too curved for a given level tafbulent intensity and from
reaching a critically stretched structure. As désd in Section 2.3, this trend arises
because for highly curved flamelets the importan€ewrinkling and stretching by
turbulent eddies is overcome by gas expansiontsffébis effect is not present in the 1D
model laminar simulations. As a consequence, taendl structure of the most highly
curved flamelets for each case is not well desdriltl)y model laminar flame

computations.

3.6 Conclusions

This chapter has described a comparison betweenrdifts of lean, bHair flames and
results from several highly-stretched, model geoie®{149]. This type of information is
useful for modeling purposes in the framework & tbading points concept and may
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also be compared to similar attempts to collapsmdl speed data obtained by DNS of
turbulent flames using different (planar) laminianie models [99] (see Section 2.3). For

the lean hydrogen/air mixture investigated, it bagn shown that the overall trend of

increasings., K. and decreasing, and J,, with increasing turbulence levels follows

closely the behavior of model laminar flame compates. In particular, at the leading
edge the average flame front structure can be depenl reasonably well by results
obtained from model geometries with the same aeeragan curvature. However, the
comparison between model laminar flame computatan highly curved flamelets is
complicated by gas expansion across the flame wiecierates compressive strain rates
and prevents the flame from becoming too curvedafgiven level of turbulent intensity.
For the highest turbulent intensity investigatedsec D31, local consumption speed,
curvatures and flame thicknesses seems to apptbachaximum values obtained by the
laminar model geometries, while other cases disglalystantially lower values. This
seems to suggest that at low turbulent intensitiescally” stretched flamelets are not a
good model for leading points burning rates, astli€ar the low Reynolds and low
Damkohler number accessible by direct numericaluktions. At higher Reynolds
number, turbulent vorticity fluctuations tend to m®re concentrated in thin region of
space, known as “worms” or “vortex tubes”, whicle ar manifestation of the “internal
intermittency” of the turbulent flow [150]. It habeen postulated that these flow
structures are able to wrinkle and distort the #amuch more efficiently than what

suggested by low Reynolds number computations asdsuch, critically stretched

flamelets may be relevant also at laty's,, [4]. A relation between “vortex tubes” and

regions of high heat release rate was for examplmed in the DNS of Tanahashi et al.
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[121]. However, this proposed mechanism is diftical verify computationally because
of the large computer resources needed to simplamixed flames at high Reynolds

number [133].
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CHAPTER 4
LEADING POINTS DYNAMICS

Section 2.4.2 described two model problems whiktstilate rather straightforwardly the
role of leading points in determining the overalpdacement speed of the flame front.
The first model problem regards the applicatiorthaf Kolmogorov-Petrovskii-Piskunov
(KPP) theorem to a statistically stationary one ehsional turbulent flame. This
characterization of the leading points suffersedesal drawbacks (see Section 2.4.2) and
is difficult to extend to more complex flow geomes:.

The second example that clearly shows the signifieaf the leading points in uniquely
controlling the overall burning velocity is reprased by the case of an initially flat flame
propagating in a one-dimensional steady shear ithowhich the velocity isocontours are
parallel to the direction of flame propagationthis situation, it can be demonstrated that
the front displacement speed is controlled by thading points of the flame that
propagate into the lowest approach flow velocityioas ahead of the flame. This latter
model problem provides a more geometrical and ghjlgi meaningful characterization
of the leading points. However, the dynamical digance of the leading points is more
difficult to identify in more complex or unsteadpw fields. Following the terminology
of Ref. [9, 10], the leading points may no longer“quasi-steady”, and it is unclear how
to apply leading points arguments in this casé, this approach is even valid.

This chapter takes up this problem in detail ineordo examine the dynamical
significance of leading points. Specifically, tlukapter considers the passive (i.e., with
zero heat release) propagation of a premixed fianaeone-dimensional, incompressible,
unsteady, periodic shear flow. In this contextprbposes a definition for points that
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control the displacement speed of the front, andiss their dynamics. This type of flow
configuration has been previously studied as a mpadblem for flame propagation in
inhomogeneous flow fields [151-159]. In particulave will investigate a specific
velocity field which was considered first by Eml@tal. [160], who presented an exact
solution for the front displacement speed. Thisbfgm is re-interpreted within the
leading points framework in this chapter. Despigpresenting a rather idealized
situation, this model problem provides clues on howextend leading point ideas to
more complex flow fields.

The rest of the chapter is organized in the follmyvimanner. Section 4.1 introduces the
G-equation, which is utilized as a model for flafrent propagation. Section 4.2 presents
pertinent results from the theory of Hamilton-Jacedpuations, which, when applied to
the G-equation, lead to our proposed mathemataratilation of leading points. These
ideas are then applied to a specific shear flowSection 4.3, chosen because the

instantaneous leading points evolve temporally,abstd because is amenable to an exact

solution. The laminar flame speegl is assumed to be constant in Sections 4.2 and 4.3.

Section 4.4 then considers generalizations of thesalts to the case where the burning

velocity s, has a linear dependence on curvature, where tpogionality coefficient is

a positive Markstein lengtH,. Finally, we conclude in Section 4.5 with a sumynafrthe

principal findings.
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4.1 G-equation

To model the reaction front propagation we utilibe G-equation which was first

formulated by F. Williams [161] and is used extgeBi for various combustion
problems such as the theoretical determinationlashé transfer functions [162] and
turbulent consumption rates [163], as well as imynaomputational fluid dynamics

(CFD) studies [164, 165].
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Figure 4-1. Instantaneous snapshot of a wrinkled rainar flame sheet, whose instantaneous
position is given by the parametric equationG(x, y, z,t)= 0 [84].

The G-equation relates the motion of the flametfwith various flow/flame parameters.

Consider the flame front as a gas dynamic discaityinin three dimensional space
whose position is described by the parametric éamm,aG(X t) = consil. It is convenient
to set G(%,t)=0 such thatG<0 and G>0 for the unburned and burned states,

respectively (see Figure 4-1). In a flame-fixeddtamgian) coordinate system, the fact

that G(%,t) =0 on the flame implies that:
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at the flame = O (41)

surface

D
oro(x vz

Converting this expression into an Eulerian forvegi

9 Ly me=0 4.2)
ot
where V.. is the velocity of the flame front which can becamposed into the sum of
flow velocity and normal flame propagation speedvas-U- s [ (see also Section
2.1.1). Note that the normal direction to the ftafront can be written a8 = 0G/|0G|
(see Figure 4-1). Then, Eq. (4.2) can be expreased

‘Z_tm(xt)m]c;: slod (4.3)

where the zero level set of the scalar funct®nrepresents the flame positios, is the

laminar flame speed (assumed constant, exceptdtioBed.4) andU(X, t) is the flow

velocity at the flame, which is considered as mibed. In the combustion literature,
equation (4.3) is known as the G-equation and wagnally employed to model flame
motions in flow fields characterized by length ssamuch larger than the laminar flame
thickness, such as in the wrinkled and corrugalaahdlet regime [161]. However as a
phenomenological model, the G-equation is rathexilile in that many factors

108



influencing front motion can be incorporated indp, making it useful to model flame
front motion also in the thin reaction zone regi®é]. Additionally, prescribing the flow
field G(% t) upstream of the flame is equivalent to neglectiag expansion across the

flame and is, as such, rigorously valid only in lingt of low density ratio flames. This is
a common assumption made in these types of ana|§sds159] — discussion of its

implications can be found in these references.

4.2 Problem formulation and mathematical background

4.2.1 One dimensional problem formulation
In this chapter we assume a two-dimensional flamatfwhose location is a single

valued function,£, of the coordinatex (see Figure 4-2). Because of this assumption we

can defineG(x y,t) = y=&( % §. Inserting this expression in Eq. (4.3) leadsl#A]:

o
ot

—u(x)=-3 1+(ﬁj (4.4)

+u, (%) Fw

23
0x

Eq. (4.4) is a Hamilton-Jacobi equation, whose eankMamiltonian is represented by
H=H(xt9)=5y1+ & + Y g y where g=9&/x is the flame slope. The flame

slope satisfies the conservation equation assaciateq. (4.4):
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dg o0

—+—H(xt,g)=0 4.5

ot ox ( g) (45)
which can be obtained simply differentiating x2Eq. (4.4). In this section, we assume
that u, and u, are periodic in(xt) with period [0,L]x[0T] and form an
incompressible flow field: with this latter assumnopt, the conditionI[li =0 dictates that
u, (% t) = u/t). We are interested in the study of the average fisplacement speed at

large time, s, , defined as:

Ha{d d——ETﬁ H(xt 9 dxd (4.6)

In the context of multiscale expansions of Hamif@atobi equationss; is also referred

to as the “homogenized (or effective, or critiddgmiltonian” (see Appendix C).

Products

/7\/\

Reactants

o)

u

x

X

Figure 4-2. Schematic of a two-dimensional flame vadse position is a single valued function
of the x coordinate.
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Away from discontinuities in the graph of), which are known as “shocks” and
represents cusps in the graph&fthe solution of Eq. (4.5) can be described imteof

characteristic curves. Characteristic curves satikk following system of ordinary

differential equations:

a) %:O_H:q 9 +L!<
dt o0 / 2
J 1+g 4.7)
b) %:—G_H_%
dt 0xX 0x

Solutions of Eq. (4.4) admit also a variationalresgntation, known as the “Lax-Oleinik
formula” [166] in the context of partial differeatiequation theory, “principle of least
action” [167] in the context of Hamiltonian dynamicsystems theory or “principle of

dynamic programming” [168] in control theory, given

t

&(xt)= min {J'E(y(s),ay(s)) ds—{(y(r),r)} Or< (4.8)

yOAC, y(t)=x
T

where AC represents the set of all Lipschitz continuouhpat: R -~ R and L is the

Lagrangian function (or Legendre transform) asgediavith the HamiltoniarH :

L(xty) :s;Jp(gU/— H(x.t.g)) =

= _\/55‘(V‘L&(t))2+q/(xt) for s =[y~ y( )] (4.9)

+00 for s, <|y—u (1)
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When the Lagrangian assumes finite values (i.er, sﬁpz|y—uK(t)|), it can be

demonstrated that the characteristic curves anatisns of the minimization problem

(4.8), and from Eq. (4.7) we have:

y:_:— (4.10)

Then, from a physical point of view, it can be seéleat the Lagrangian represents the
propagation speed in thedirection of the points on the flame surface ttdiows the

trajectory of the characteristic curye As defined in [169], those curveg, which solve
Eq. (4.8) on intervald-w,t] are referred to as “one-sided minimizers” and “siged”
(or global) minimizers if they solve it on intergg-co, + | .

In general, the Lagrangian can also achieve iefiniilues fors <|y— l,{((t)| At
positions wheres :|}'/—L&(t)| the flame slopeg becomes infinite as shown by the

equation

g=2=__ VU (4.11)

which is the convex (or Legendre) conjugate of @dlL0). In these instances, Eq. (4.4)
loses meaning because the flame position can rgetdre represented by a single valued

function ¢ and the full G-equation (4.3) must be solved taleidhe front dynamics.
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To illustrate the physical meaning of equation Y4iB the next section we consider a
simplified version (the Hopf-Lax formula [166]) walfor problems where the flame

propagates into a quiescent flow.

4.2.2 Hopf-Lax formula and Huygens propagation

The Hopf-Lax formula [166] is a simplification ofgE (4.8) valid when the flame

propagates into a quiescent flow, = u, =0). In this situations the governing equation

for the flame position, Eq. (4.4), becomes

o0& _ &Y
o s 1+(axj (4.12)

and the characteristic curves have a constant s{ope y =dx/dt= consf since

dg/dt=0 in equation (4.7). Then, the Lagrangian (Eq. (4c@h be written as:

+00 y>$_
L(y)=1-ys>-V -§sy<s (4.13)
400 -S >y

and the general solution Eq. (4.8) becomes the -Hapfformula [166]:

&(xt)=  min (fmn (x*)—\/(§ )’ —( - x)zj (4.14)

X-§t< X< % gt
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whereé,, = f(x,t = O) represents the initial position of the flame frddbticing that the

expression between paranteses in eq. (4.14) repsetiee equation of a circle, this

solution simply states that the flame propagatesviery radial direction from all points

on flame fronts{x, &, (X )) with a speed equal tg . To illustrate, Figure 4-3 shows the

instantaneous flame location at two instancesmétit =0 and dt. The dashed lines

indicate circles of radius, dt, centered at points on the flame fronts at0. The flame

position at later times can be constructed geooadtyi by drawing such circles about
every point along the flame at each time, as shmwiigure 4-3. This process is also
referred to as “Huygens propagation” (see Ref.)[6B]the flame is curved, different
points influence the flame propagation in differevays. For example, some concave
regions do not contribute at all in determining fteame front position at later times
(point D) as its propagation is overshadowed bypagation from neighboring points
(points C and E). In other words, only convex regi@re important in determining the

position of the flame front in the large time limit

Products y \ Direction of
~=7=~ 7707~ D L flame propagation
I

Reactants t=dt

Figure 4-3. Sketch illustrating Huygens propagation (Hopf-Lax solution for flame
propagation).

4.2.3 Aubry-Mather theory
Let us first consider a multidimensional autonombBiasilton-Jacobi equation
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%?+H(XD¢):0 XOR" (4.15)
where the Hamiltonian functiokl is smooth, convex in thEl¢ variable, is periodic in
X with period[0,1]" and satisfies the so called coercivity condition:

H(%0¢)=+c (4.16)

lim
O8] -+

With these assumptions, it is possible to prove #rong the characteristic curves

associated with Eq. (4.15) there always exist dlabaimizers (i.e., characteristic curves

that exists on time interve}i—oo,+oo[) and that the long time behavior of the solutiohs

Eq. (4.15) is completely determined by their wapeies [170, 171]. For the one

dimensional problem considered in Section 4.2.4 cibercivity condition is satisfied for
|ux| <§ when the flow field is time independent, whichalso a sufficient condition to
prevent the flame slope from becoming infinitg € o) for any solution of Eq. (4.4),
given sufficiently regular initial conditions [17]h this situation, global minimizerg’

exist and the front speeg} can be expressed just in terms of their trajeesosis [172]

0 (4.17)



To understand, the physical meaning of these e#uis useful to visualize the global

minimizers in thex—t plane. Let us return to the problem considere8eantion 2.4.1 -
an initially flat flame, £(x,0) = g(x 0) = 0, propagating in a steady periodic flow field,
u, =-Acos( 27 L), with no transverse flowy, =0. In this case, the characteristic
curves can be obtained by solving Eq. (4.7) aradilyi [153]. Figure 4-4 plots the
temporal evolution ofg and & for A/s =0.5. It can be seen that, after an initial
transient, the solution develops a shock in the@tymef g (a cusp in the graph of) at
x/L=0.5, which grows until the steady state is reachede Tharacteristic curves of
these solutions are plotted in the-t plane in Figure 4-5. Note that the only trajecseri
that are never absorbed by the shock correspotitetpositions whergl, is minimum.

These trajectories represent the global minimizend, from Eq. (4.17), the front

displacement speed can be readily obtained as

s =Ats (4.18)

The characteristic curve trajectories that are globalnimizers uniquely determine the
large-time behavior of the flame propagatidrhe points on the flame front that follows
these trajectories can also be seen as the pbiatsptopagate most quickly in thye
direction and, in a sense, they represent therfagtisolutions in the variational problem
(4.8) [172]. In contrast, the dynamics of the oiteed minimizers, which form the

“domain of attraction” of the shock [173], determénthe overall shape of the flame (as
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will become clearer in the next section), but dé pvide any information about the

large-time front displacement speed.

1.3 (s, /L)=0
0.6 3
1 3 ......................................
1(s,/1)=0
5% 0 :
I S S S S
: Y : i : ; 1.2
_2 1 1 1 __2 1 1 I
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
x/L a /L b

Figure 4-4. Flame slopeg (a) and flame shapeé (b) at different normalized timest(sL/ L)
for the flow field u, =-Acos( 27% L), u, =0 with A/s =0.5.

! !
Shock : Global :

I S . e
i One-sided i
i Minimizers

t (SL/L)

1
/L
Figure 4-5. Characteristic curves in thex-t plane for the solutions showed in Figure 4-4.
One-sided minimizers are represented by variouslyatored thin lines, global minimizers by
thick red lines and the shocks trajectories by thik blue dot-dashed lines.

The existence of global minimizers is not guarastEegeneral for the G-equation. In

fact, its HamiltonianH (x,0G) =5 |[0G~-U }00 C, does not satisfy Eq. (4.16) for a
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mean-zero velocity fieldj(x) which changes sign and has amplitude larger then t

laminar flame speeds, [174]. From a physical point of view, the lack @dercivity

means that the propagation of the flame front imidated by stirring and convection and

it is possible that certain flow profiles may “bldall characteristic curves and prevent
them from existing on time interval}s—oo,+oo[ (i.e., prevent it from being a global
minimizer). A two dimensional example of this stioa is the so called “cellular flow”
whose stream function is given liy = Asinxsiny (with u, =dy/dy, u, =-0¢/0x)
with A>>g [175]. A sketch of the streamlines and velocitgtees of this flow field are

shown in Figure 4-6. As it can be observed alldtneamlines form closed periodic paths

and for sufficiently high flow velocities A>>g ) they impede the motion of the

characteristic curves [175].

Figure 4-6. Streamlines (thick lines) and velocityectors (arrows) for the cellular flow.

However, for this flow field some success in stadyfront displacement speeds trends

has been made by considering “least time” trajeesdd 76] or local “action minimizing”
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trajectories [177], which seem to have analogiethéglobal minimizers but in a local
setting. Thus, it is conceivable that investigatthg dynamics of global minimizers in
situations in which they exist can still be of k&ace to understand more general flows.
For time-dependent Hamiltonians, the coercivity diton is no longer sufficient to

ensure the existence of global minimizers. A stesragsumption on the Hamiltonian that

guarantees the existence of global minimizersassthcalled superlinearity

lim M=+oo (4.19)
el |Og)|

An example of Hamiltonian satisfying this conditspns the “classical” Hamiltonian
H(%,t,0¢) =|0¢|" /2+ F(x.t) (where |0¢|*/2 represents the kinetic energy and
F()”(,t) the potential energy) whose associated conservaguation (similar to Eq.
(4.5))is

—

%+(\7[D])\7:—DF(Xt) (4.20)

whereV =[¢ and is referred to as the “forced inviscid Burgegsiation” [178]. On the

contrary, the Hamiltonian of the G-equation is loé trelativistic” type [179] and is not
superlinear. Note that the G-equation reducebisoforced Burgers equation in the limit

of small flow fluctuations [153, 180].
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4.2.4 Definition of Aubry-Mather Leading Points

Based on the theory described in the previous@gaive concentrate first on steady flow
fields for which the coercivity condition Eq. (4)1i8 satisfied. In this context, we define
“Aubry-Mather points” as those parts of the flamdéose propagation follows the

trajectories of the global minimizers. Note that tiiobal minimizers may not be isolated
trajectories and, as such, they may not be disgretets on the flame as the name
“leading points” seems to suggest. For instancen ithe example of Figure 4-4 and

Figure 4-5 we had chosen a function with degendiae with zero second derivative)

absolute minima to represent the steady shear fimfile, then the trajectories of the

global minimizers could originate from a continudoand of spatial positions. In the

context of the Hamiltonian dynamical system defirn®d equations (4.7), when the

trajectories of the global minimizers are isolafiesh each other, they are also known as
“hyperbolic trajectories” [167]. When the systemaistonomous (i.e., the velocity flow

field does not depend explicitly on time), they mag also referred to as “hyperbolic

fixed (or equilibrium) points”, since they are elfuium points for the characteristic

curves in Eq. (4.7). In the case of a flame propagan a unidirectional steady shear

flow (u, = f(x), u, =0), it can be shown that the Aubry-Mather points layperbolic
points (i.e., a finite number of isolated pointg)yoif f (x) possesses a finite number of

non-degenerate absolute minima me[O, L]. Thus, this analysis suggests a third

potential leading point definition, which we refey as the “Aubry-Mather Leading
points”, as those parts of the flame that follows trajectories of global minimizers, in
the case these are hyperbolic trajectories. Taes¢he discrete points on the flame that

control its propagation speed.
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4.3 Example problem

In this section, we consider a flame propagatingairperiodic steady shear flow
u, = f(x) with a constant mean transverse wing=V>0. Eq. (4.4) admits an

analytical solution [160] for this flow field, whicis reproduced in Appendix C. With a

change in coordinate system, this problem is adgovalent to a flame propagating at an
angle of @ =tan™ (V/sr) to the velocity isocountours af, . In this framework, the mean
transverse wind/ can be interpreted as a parameter of the “unstessli of the axial
flow u, since in a reference frame attached to the trassvilow (moving in thex-

direction with velocityV ) the Galilean transformations

(4.21)

eliminates the transverse mean flow, with the shiav now being time dependent

u, (xt) = f(X~-Vt). In this new reference frame, the shear is theeeémting on the

flame with a time-scale given by/V, where L is the spatial period oﬂy(x). The

competition between this time scale and the tinadesassociated with flame propagation,

which can be taken as proportional kgs , generates rich and interesting behavior
[158]. In fact, the rate at which the front disgatent speeds; is enhanced by

increasing flow intensityA is reduced as the unsteadin¥sgrows, analogous to one of
the mechanism leading to the “bending effect” dssed in the turbulent combustion

literature [156].
121



In order to demonstrate several points about tlaeadheristics of the global minimizers,

we consider two periodic flow fields: one consigtof a single harmonic

u, (x) =—Acog( 27 L) (4.22)

and one with multiple harmonics
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where A is a suitable normalization factor so that theregpion in square parentheses
has unit amplitude. The latter shear flow (4.233assidered here as it was also used in
references [160, 181] as an example of a profilth vei complex structure and an
asymmetrical form with multiple local maxima andnma. Figure 4-7 shows a sketch of

the shear profiles (4.22) and (4.23).
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Figure 4-7. Shear flow profiles given by equation4(.22) (solid line) and equation (4.23) (dot
dashed line).

Figure 4-8a shows the dependencesofon the shear flow amplitudA for both profile
(4.22) and (4.23) at different values of “unsteadsiparameter’y . Its inhibiting effect

is illustrated by the fact that when no unsteadinepresent\( =0) s, depends linearly

on A, and is given by Eqg. (4.18) for both shear flowofides, while the front

displacement speed monotonically decreases foeasangV . Figure 4-8b replots these

same data in terms of normalized enhancement adipéacement spee(s, — q)/ Ain

order to better illustrate this effect. Here, tigngicance of increasiny on decreasing

the displacement speed is clearly shown. At langeugh values ofV, s, always
asymptotes tos . However, s, exceedss, for a larger range oV values with

increasing amplitudeA.
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3
n V/s .

Figure 4-8. Dependence of front displacement speesl on shear flow amplitude A for
fixed unsteadiness parameterV (a). Normalized enhancement of displacement speed
(s; - §)/ A as afunction of unsteadiness paramete at fixed shear flow amplitude A (b).

Solid lines refer to the shear flow profile (4.22while dashed lines refer to the shear flow
profile (4.23).

The classical interpretation of these effects itenms of flame area. To illustrate, Figure
4-9 plots flame shapes at the steady state foxeal fshear flow amplitudeA/s =0.5)
and different values of transverse wind intensitycan be observed how the overall
flame area decreases as the unsteadiness paraMetaicreases. However, this
explanation does not clarify why, for certain val# A andV , the front displacement
speed is identical for the two shear flow configiaras, while it is different for other
combination of A andV . Specifically, Figure 4-8 shows that values are different for
the two shear flow profiles (i.e., dashed and sbiids are not superimposed) for large

values of unsteadiness.
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" ! A : " ! A

Figure 4-9. Flame shapeé for A/s =0.5 and different values ofV/g for both profile
(4.22) (a) and profile (4.23) (b). The graphs of are adjusted so that their average is zero.

“Aubry-Mather leading points” are indicated by black circles (which only exist for the
V/ § = 0 and 0.5 cases); “instantaneous leading pointgie indicated by red crosses.

We now show that the differences in the occurreidhe inhibiting effect between shear
flow profile (4.22) and (4.23) can be interpretedterms of the dynamics of global
minimizers (i.e., in terms of the “Aubry-Mather tBag points”). First we remark that

both profiles (4.22) and (4.23) have only one altg&ominimum per period at points

where u, =—A. The equilibrium points of the characteristic @sv(4.7) for these

velocity flow fields are given by

dx g _ du,

—=5 —=+V=0 X:EXDR:—:OJ

“ g’ - o (4.24)
%:%:o @Z——V

dt  dx s -V
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and can be classified as hyperbolic (or saddledfipoints Whendzuy/dxz >0 (local
minimum of u,), elliptic (or centers) wheri®u,/dx’ <0 (local maximum ofu,) and

non-hyperbolic (or non-isolated) whe;ﬁuy/d><2 =0 [182]. According to the discussion

in the previous section then, f&f =0 the solution of Eq. (4.4) possesses a unique
hyperbolic global minimizer per period whose pasiticoincides with the hyperbolic

fixed point in correspondence of the absolute minmmn velocity.

0
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N
05 \\ -0.5
3 | 3
=y ~Na
< <
=] -1
L | If/:?l_ =0 | I'/ZSL =05 y 5‘ : i
i 0.25 0.5 0.75 0.25 0.5 0.75 1 e -0.5 0 0.5 1
x/L x/L x/L

Figure 4-10. Backward characteristic curves in the X-t plane corresponding to the
solutions shown in Figure 7a (shear flow profile ofequation (4.22) withA/q =0.5 and

V/s =0 (a),V/s =0.5 (b), V/5 =0.9 (c)).
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Figure 4-11. Backward characteristic curves in the x-t plane corresponding to the
solutions shown in Fig. 7b: shear flow profile of . (4.23) with”A/§ =0.5and V/g =0 (a),

V/5 =0.5 (b), V/5 =0.9 (c).
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A convenient way to visualize the global minimizémsthe x—t plane is to solve the
equations (4.7) backward in time since all the ab@ristic curves (one-sided
minimizers) converge to the global minimizers tor. —c [169, 183]. Figure 4-10 and
Figure 4-11 illustrate these backward characteristirves for the solutions plotted in
Figure 4-9. Figure 4-10a and Figure 4-11a showwhe#n no unsteadiness in the flow is

present ¥//5 =0) all the one-sided minimizers converge to the glahinimizers for
both shear flow profiles. Then, from Eq. (4.17)jstclear that both profiles yield the

same front displacement speed sirmax(—uy) = A. This conclusion is not influenced

by the trajectories of the one-sided minimizersaohhidetermine the details of the flame
shape and depend on the form of the shear flowilgrof. From Figure 4-10b and

Figure 4-11Db, it is clear that a limited amountwfsteadiness” in the flow does not alter
the trajectory and the hyperbolic character ofglodal minimizers. In this case, the front
displacement speed and its “bending” with incregsihare the same for both shear

flows. Examining the flame shapes plotted in Figy® for V/g =0.5, it also

interesting to notice that the discrete global miger trajectory does not correspond to
the most forward-lying position of the flamei.e., the “Aubry-Mather leading points”
and the “instantaneous leading points” do not cade In other words, the points
controlling the front displacement speed are netriost forward-lying position of the
flame front in the direction of the reactants.

A bifurcation in solution characteristics occurs amhthe unsteadiness parametér,
reaches a critical value. For example, in Figud®d-and Figure 4-11all the trajectories
are global minimizers and their hyperbolic charactdost. In this case, the trajectories

of the global minimizers depend on the spatialitketd the shear flow structure, and the
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two profiles (4.22) and (4.23) yield different vati of front displacement speed

according to Eq. (4.17). This is better illustratedhe phase spacg- x associated with

the system of equations (4.7) shown in Figure 4a2his figure, for the shear flow
profile (4.22), several orbits are plotted as times, the fixed points given by Eq. (4.24)

are represented by thick dots and the slgpef the flame shapes of Figure 4-9a are
represented by thick lines. As it can be obsenard ¥/5 =0.9 the hyperbolic fixed
points do not belong to the steady state solutidrile for V/§ =2 no fixed point is

present among the orbits of the characteristicesurv

0 025 05 075 1 0 025 05 075 1
x/L c x/L d

Figure 4-12. Phase spac@- X associated with the characteristic curves of shedlow profile
(4.22) with A/s =0.5and V/g =0 (a), V/5 =0.5 (b), V/5 =0.9 (c) and V/s5 =2 (d) .

Thin lines represent orbits of the characteristic arves, thick lines represent the steady state
solution and dots represent fixed (equilibrium) ponts.
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From the analytical solution shown in Appendix €Cisi then possible to solve for the
parameter value®\ andV where the hyperbolic fixed points do not belongh® steady
state solution of Eq. (4.4), as plotted in Figur&34 The figure shows that f&f > 5 the
unsteadiness is too high and no fixed points aesegut for all values ofA. At low A
values, the fixed point can be lost even at lonaues ofV . This situation mirrors the

trends shown in Figure 4-8.

3 , |
* I . * ' .
v hyperbolic ¥ not hyperbolic
Same Sr.fOT shear Different s for

2+ flow (4.22) and (4.23) |~ shear flow (4.22) and ---
; (4.23)

) \i'\For proﬁle
(4.23)

0 0.5 1 1.5 2

Figure 4-13. Parameter spaceA-V divided into regions in which solutions of the modl
problem admit and do not admit hyperbolic global mhimizers y . Dots indicate the
conditions at which solutions plotted in Figure 4-%@re obtained (L =1).

Two key results emerge from this section. Firstdarncertain conditions, the front
displacement speed is controlled by velocity fighéracteristics at discrete points on the
flame, points we define as “Aubry-Mather leadingnps’’. However, these points do not
generally lie on the farthest forward point of thent (the “instantaneous leading point”).
Under these conditions, the two totally differestocity fields with the same minimum

value lead to identical front displacement spe&dsond, for other conditions, the front

displacement speed is not controlled by discreiatpobut rather by the entire spatial
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distribution of the velocity field. For these cotidns, the “instantaneous leading points”
do not have any dynamical significance in contngjlthe front displacement speed. The
extent to which these two results modify proposstling point arguments as articulated
in the Section 2.4 remains to be seen, howevetaegs must be exercised in translating
results from this deterministic problem to the eniske average characteristics of the

stochastic problem that is of interest for the teht problem [184].

4 4 Curvature effects

The previous section considered the case wherdathmar burning velocitys was

constant. In reality, for mixtures with non-zero fdstein lengths it is well known that
the laminar burning velocity is a function of tharhe stretch rate that, in turn, is a
function of the local flow shear and flame curvetysee Section 2.1). As shown in
Chapter 3, DNS studies of turbulent premixed flarslesw that local changes of flame
speed correlate strongly with the local curvaturéhe flame front [4, 60]. In this section,
we incorporate a curvature sensitivity into the ring velocity, by means of the

following linear expression (see eq. (2.9)):

02 /ox?
(1+(0¢/0x)°)”

S = S0(1- 1K) = go| 14 (4.25)
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where s, represents the laminar unstretched flame spéésithe Markstein length and
K. represents the curvature, defined as in Chapteke8.us first consider weak

curvatures (i.e., small amplitude of wrinkling t&la to the transverse length scale of
wrinkling), for which this expression can be linead and, when inserted into the G-

equation, yields an additional “viscous” term [185]

0F  0F &Y 02
Zorue oy =- g gs 26
ot ek W s“\/“(axj MR (4.26)

In this section, we consider only positive Markstdengths />0 (i.e., thermo-

diffusionally stable flames). From a physical pooftview, the viscous term can be
interpreted as a diffusion effect that “blurs” thierwise “sharp” trajectory of the global
minimizer. Indeed, Eq. (4.26) admits a variatiosalution that is quite similar to Eq.

(4.8), but with white noise addition [179, 186]:

{(x,t)=myin E{j.ﬁ(r(s) /7(s)§ ds—f( (r) r)} (4.27)

T

wherer solves forr <s<t the stochastic differential equation

(4.28)

{d (5)=Y(r(9. §ds 25l d

r(t)=x
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and Y varies in the class of smooth, time dependenttioms;, 77(s)=Y(r(9, §, w
represents a one dimensional Wiener processkani@notes the expectation with respect
to the Wiener measure. If we call the minimalY in Eq. (4.27) and, the solution of

the corresponding stochastic differential Eq. (#12@n it is possible to obtain a formula

analogous to Eqg. (4.10) [186]
: 0
Ué(s)z\é(xs)za Hxs Y (4.29)

Despite being presented here for the one dimenstaisa, we remark that the stochastic
variational representation can be extended tolireetdimensional viscous G-equation,
as described in Ref. [179].

It seems intuitive to expect that the strengthhef Markstein length effect depends on the
behavior ofazf/ax2 along the global minimizers trajectories (i.e thehavior of the

“curvature” at the leading points). If the set ¢dlgal minimizers for the inviscid problem
consists of a finite number of hyperbolic traje@srin each period, then it can be shown

that this intuitive physical picture is indeed @mt: Let us define the large-time average

value ofazf/ax2 following thei-th global minimizer for the inviscid problem as

C s!a—zf(yi*(s),s) ds (4.30)
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and assume that, among all the global minimizé&eset exist only oné€C, =min, G per

period. Then, it can be demonstrated that [187-189]

—Ilim—=-C, (4.31)

To illustrate, we consider the effect of the visseerm for the model problem described
in Section 4.3 for shear flow (4.22) and (4.23he A-V parameter space where the
solution possesses a unique, hyperbolic globalmikar per period (see Figure 4-13).

Using the analytical solution in Eq. (C.7), theued of C, for both profiles are given by:

Y 0°u ,
. (%20—\0/2)3” 7 *=Y)

2 sWA
L (5%0_\/2)3/4
2 SV A

2495———— shearflow (4.2:%
34
- (s V)

shearflow (4.22 (4.32)

This expression clearly shows the inhibiting efféet a positive Markstein length has on
the front displacement speed. This result is wetvin from measurements of turbulent

flame speeds of lean, heavy fuels [4, 7]. The ¢ftéche curvature term is stronger for
the shear flow (4.23), since the absolute minimtim=ay is sharper.
This ¢/L <1 result can be compared to more general solutignsobving Eq. (4.26)

numerically. The computational scheme discretized brder spatial derivatives in Eq.
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(4.26) using a fifth-order WENO scheme [190] anceatral sixth-order scheme for the
viscous term. A Total Variation Diminishing (TVDdhird order Runge—Kutta scheme

[191] was used for time integration and the Locak{EFriedrich (LLF) scheme was used
for improved stability [190]. Comparison betweee thumerical computation o, and
the asymptotic result in Eq. (4.31) is shown inurgy4-14 for different values & and
V. These results show that equations (4.31)-(4.82¢te/ captures the dependencespf
upon / for ¢/L <« 1, especially when the value a#?§/dx? at the leading point is not too
high (such as for shear flow (4.22) in Figure 4)14%r high values 0625/ax2, the
dependence ofs; on ¢ becomes nonlinear, and the linearized approximalases

accuracy.

Shear Flow
(4.22

ST/5L0
~J

5 A
Shear Flow (4.23)%

] Shear| {Vuul—'#..\;} Visp =05 . 8= 0.8
3
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
UL a UL b

Figure 4-14. Front displacement speeds; dependence on Markstein length for A/sL =1

(a), A/sL =10 (b) and different V values for the model problem of Section 4.3. Solithes

refer to numerical solutions of Eq. (4.26), dashetines to the linear approximation (4.31)-
(4.32).

Analogous results are valid when the weak curvaassimption is removed and the full

curvature expression is used in Eq. (4.26), whitomes

134



2 2 2
U, =-9, 1+(gj + S, a{’(/ax

98, % _06jox
ox) T 1+(0&/0x)"

u 4.33
ot T ox (4.33)

The last term in Eq. (4.33) is a second order tdlipperator (see p.260 in [192]) which
can be considered a generalization of the Lapla@ian the viscous term in Eq. (4.26)).
It is possible to prove that the same theory preseabove is valid when the viscous

term is substituted by any second order elliptierapor (see Remark 6 in [188]). Eq.

(4.31) is still valid but withC, now given by

62 *

I IIVACE

qslj ox 0 (s)-9 ds (4.34)
T

°1+(:ng(yi*(s),s)jz

which is the averaged flame curvature computedwoig thei-th global minimizer for
the inviscid problem. Using the analytical solutidfg. (C.7), the value o€, for the

model problem of Section 4.3 is now given by:

2_\/21/4 PE ]
SR T

277 (s - v2)"*
T’T°—JZ shear flow (4.22 (4.35)
So

orr( ‘Vz)]/4
2.495T°—\/Z shear flow (4.2:
SLo
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Figure 4-15. Front displacement speeds; dependence on Markstein length? for A/SL =1

(a), A/q =10 (b) and different V values for the model problem of Section 4.3. Solithes

refer to numerical solutions of Eq. (4.33), dashetines to the linear approximation of Eqg.
(4.31)-(4.35).

Analogously to Figure 4-14, Figure 4-15 comparasaéiqns (4.31)-(4.35) with the value

of s, computed solving numerically Eq. (4.33).

4.5 Conclusions

In order to assess leading points arguments, Hapter has analyzed exact solutions for
flame propagation in periodic shear flows [193]e3é results validate some basic ideas
from leading points arguments, but also modify theppreciably, at least for this
deterministic problem. In particular, these resalearly show that for sufficiently strong
(high A) and steady (lowV ) flow perturbations, the front displacement spesd
controlled by velocity field characteristics ataiste points on the flame. However, these
points do not generally lie on the farthest forwpaint of the front (the “instantaneous

leading point”). On the contrary, for sufficientiyeak (low A) or unsteady (highv/)
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flow perturbations, the front displacement speedascontrolled by discrete points, but
rather by the entire spatial distribution of thdoedy field. For these conditions, the
“instantaneous leading points” do not have any dynal significance in controlling the
front displacement speed. Finally, these resu#arly show that the effects of flame
curvature sensitivity in modifying the front disptanent speed can be successfully
interpreted in term of leading point concepts isasawhere the set of global minimizers
consists of hyperbolic fixed points.

In future it will be of interest to verify if thedeas described in this chapter can be
extended to two and three dimensional flows foralhihe G-equation do not admit
global minimizers such as cellular flows consistafgarray of vortices [175-177], which
may resemble more to the turbulent flow field exgrered by a real premixed flame.
Also it will be of interest to extend the theoryepented in Section 4.4 to thermo-

diffusively unstable flames for which< 0.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

In this chapter, the overall contributions of therkwpresented in this thesis are outlined.

Additionally, recommendations for further work gmat forward for consideration.

5.1 Conclusions

The influence of fuel/oxidizer composition on thegration and structure of turbulent
premixed flames is a phenomenon of considerabletExity. In order to make progress
in understanding this subject it is necessary &mtifly key governing processes while
cutting-off interesting but marginal phenomena. dirg point concepts suggest that the
turbulent burning velocity of premixed flames ismtolled by the velocity of the points
on the flame that propagate farthest out into #ectants. It is also postulated that
modifications in the overall turbulent combustiggesd depend solely on modifications
of the burning rate at the leading points sinceiramease (decrease) in the average
propagation speed of these points causes morg {las®e area to be produced behind
them. Several investigators have also assumedhéattructure of leading points can be
well represented by quasi-steady “critically” sttetd laminar flames in canonical
configurations. In this framework modeling of tuldnt burning rates can be thought as
consisting of two sub-problems:
1) modeling of burning rates at the leading points

2) modeling of the dynamics/statistics of the leagiogts in the turbulent flame.
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To address the first sub-problem Chapter 3, hasritbesl a comparison between DNS
results of lean, Hair flames and results from several highly-stretthmodel geometries.
This type of information is useful for modeling poses in the framework of the leading
point concept and may also be compared to sinblairléss detailed) attempts to collapse
local flame speed data obtained by DNS of turbullambes using planar laminar flame
models [99] (see Section 2.3). For the turbuleamfs investigated in this thesis, the
influence of curvature on the local structure @& flame front is too large to be neglegted
and use only planar laminar flames for comparison.

For the lean hydrogen/air mixture investigatethais been shown that the overall trend of

increasing mears,, K. and decreasing. and J,, with increasing turbulence levels

follows closely the behavior of model laminar flarmemputations. In particular at the
leading edge, the average flame front structure mmeproduced reasonably well by
results obtained from model geometries with the esawerage mean curvature. This
agreement was not necessarily expected, as ibiwikthat unsteady effects decrease the
effective stretch sensitivity of the flame. Thisu# might be a manifestation of the weak
sensitivity of curvature-induced flame speed madifions to frequency, as opposed to its
strong sensitivity to nonsteadiness in hydrodynastretch.

For the highest turbulent intensity investigatedsec D31, local consumption speed,
curvatures and flame thicknesses seems to apptbbachaximum values obtained by the
laminar model geometries, while other cases displaystantially lower values. This
suggests that at low turbulent intensities “criticastretched flamelets are not a good
model for leading points burning rates, at leastili@ low Reynolds and low Damkdhler

number accessible by direct numerical simulati@sh consideration should be taken
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into account when developing models for turbulégrnke speeds based on leading points
concepts, and may explain difficulties of this aggmhes in modeling turbulent flame
speed data at high pressures [9] or for very lgandgen/air flames [137].

A major source of difference between model lamifiame computations and highly
curved flamelets is the presence of negative @mpressive) strain rates. For the model
laminar flames considered in this thesis, straitesaincrease monotonically with
curvature and are always positive, while for theestigated turbulent flames the
correlation between strain rates and curvaturesegative. Because of this effect, the
most higly curved flamelets at each turbulent isiign display lower values of
consumption speed and are thicker than model larflamaes with equal curvature.

To address the second sub-problem, Chapter 4 cossemst solutions for flame
propagation in periodic shear flows. These resdtglate some basic ideas from leading
points arguments, but also modify them appreciably,least for the deterministic
problems considered in this thesis. For the singpl of a front propagating in a one-
dimensional shear flow, these results clearly shioat the average front displacement
speed is controlled by flow field characteristitsliscrete points on the flame only when
the amplitude of the shear flow is sufficientlydarand does not vary too rapidly in time.
Furtheremore in these conditions, if the local l@emiflame speed at which the flame
propagates depends linearly on the flame front logevature, then overall modifications
in the average front displacement speed can beessitdly interpreted just studying the
curvature of leading points. However, these podusnot generally lie on the farthest

forward point of the front, differently from theigimal definition of leading points.
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On the contrary, for sufficiently weak or unsteaflpw perturbations, the front
displacement speed is not controlled by discreiatpobut rather by the entire spatial
distribution of the velocity field. For these cotidins, the leading points do not have any
dynamical significance in controlling the front pliscement speed. These results seem to
indicate that the leading points are able to dthwe progation of a flame front only if

sufficiently steady and intense flow perturbatiensst in the flow field.

5.2 Recommendations for future work

To expand and verify results presented in Chapiem®uld be desirable to investigate
turbulent flames at higher Reynolds number and drighbamkohler numbers than those
characterizing the DNS database utilized in thissith At higher Reynolds number
vorticity fluctuations tend to be more concentratedthin region of space, known as
“worms” or “vortex tubes”, which are a manifestatiof the “internal intermittency” of

the turbulent flow [150]. It has been postulatedttthese flow structures are able to
wrinkle and distort the flame much more efficientlyan what suggested by low

Reynolds number computations and, as such, chticgttetched flamelets may be
relevant also at lowu'/s, [4]. A relation between “vortex tubes” and regiapfshigh

heat release rate was, for example, claimed inON&S of Tanahashi et al. [121].
However, this proposed mechanism is difficult toifyecomputationally because of the

large computer resources needed to simulate prénfiames at high Reynolds number

[133].
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Further theoretical/numerical work is also requitedetter understand unsteady effects
on the response of curved premixed laminar flarAesdescribed in Section 2.1.2, most
studies on unsteady effects consider flat straitedinar flames in a counterflow
configuration. Some insight, may be obtained fréamg vortex interactions studies but
this configuration is rather complicated. It is e@aged that an improved knowledge of
unsteady effects will allow for a more accurate enstanding of the local structure of
turbulent premixed flames. A possible flame-flownfiguration that could be used to
study unsteady-curvature effects would be to fdragmonically the inlet of a tubular
counterflow flame in order to achieve a flame whosevature varies periodically in a
prescribed manner.

Moreover, it will be of interest to verify if thedeéas described in Chapter 4 can be
extended to two and three dimensional flows foraolhihe G-equation do not admit
global minimizers such as cellular flows consistioigarray of vortices [175-177] or
random flows [174, 194-196], which may resemble entr the turbulent flow field
experienced by a real premixed flame. Finally, iit ae of interest to extend the theory

presented in Section 4.4 to thermo-diffusively abk flames for whiclY <0.
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APPENDIX A

A.1. Numerical convergence and validation of the 1D numieal simulations

This section describes numerical convergence dudrethe one dimensional numerical
models utilized in Chapter 3.

The different versions of the standard OPPDIF cfid®/] that have been used to
simulate the planar counterflow flame and the tabtihme utilize an adaptive placement
of mesh points to calculate more accurate solutionsfiner meshes starting from
solutions calculated on coarser meshes. The a@gaptacement of the mesh points is

controlled by the first and second derivatives loé¢ tsolution vectorg . The code

recursively checks that the following inequalitees respected at each grid pojnt

‘¢j -¢,~_l‘<GRAD [jmaxg — ming| (A.1)

(%j _(%j <CURV[~}na>{%j— mir(%j‘ (A2)
dx /; dx); dx dx

where GRAD and CURV are two user-defined parameters which can asswahey
comprised between 0 and 1. Figure A-1 shows a sbadihe numerical convergence of
three planar counterflow flame calculations chamapeéd by different inlet velocities.
These simulations consider a/Hir flame at an equivalence ratio gp=0.31 and
reactants at standard temperature and pressuri,(288n). Based on these data, it can

be observed that solutions with approximately 2008sh points (corresponding to
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GRAD = CURV = 0.01) can be considered as numesicahverged. For this reason, all

the calculations shown in Chapter 3 were performgzbsing GRAD = CURV = 0.01.

--50 [em/s]
e 100 [cm/s]
175 [em/s]

GRAD & CURV 0.01
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Figure A-1. Stretch rate x (a) and consumption speed (b) for planar counterflow flame
calculations with different number of grid points a three different reactants inlet velocities.
For these calculations the distance between jetsegual to Zm.

As already described in Chapter 3, the expandifigdrycal flame was simulated with an
isobaric, one dimensional formulation of the cowmag#on equations in cylindrical
coordinates where the continuity, thermal energy species equations were discretized
and solved by means of finite element method aslemented in the commercial

software COMSOP [148]. The H/Air flames considered in Chapter 3 were resolved
with a mesh sizeAx =5010°m corresponding to a ratid,,/Ax =380 and advanced in

time using the backward differentiation formula iepented in DASPK [198]: relative
and absolute tolerances were set equal Toat@ 10, respectively.

To check the accuracy of the time-stepping methguaition delay times for different
mixtures were calculated utilizing the plug-flowaotor code implemented in the
“Reaction Engineering Interface” of COMS®[148] and compared with those obtained

from the standard plug-flow reactor code implemeénte CHEMKIN [147]. Figure A-2
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shows a comparison between the temperature-timigsras calculated by the two
programs for a HICO/Air mixture at different initial temperaturess it can be observed

the calculations agree very well with each other.

$=0.48 IL,/CO(90/10)

- --coMsoL
2100 4 [/ —— CHEMKIN

900 -
______________ SRS O 1|

700 —
1.0E-6 1.0E-4 1.0E-2 1.OE+0 1.0E+2 1.0E+4

tfs]

Figure A-2. Temperature time-history for plug-flow reactors as computed in COMSOL
(dashed black lines) and CHEMKIN (solid colored lires). The mixture consider is
H,/CO/Air with ¢@= 0.48 and H/CO volumetric ratio equal to 90/10. Initial tempermtures
range from 70K to 120K. The numerical simulations utilize the Davis chendial
mechanism [199].

The ability of the mesh to resolve the flame motwas checked repeating expanding
cylindrical flame computations with different meshizes. Figure A-3 shows the
temperature profiles computedtat Ims as obtained by two expanding cylindrical flame

calculations characterized by different mesh siZd®e coarse meshAk=15um) is

already sufficient to accurately compute the flggrn@pagation, but for the calculations in

Chapter 3 the finer meshk\k =54m) was chosen to better resolve spatial and temporal
derivatives needed to evaluate the thermal flamieknkess o, and the flame

displacement speedR,, / dt (see Section 3.3).
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As a final validation of the code developed in COMS), the propagation of a one-
dimensional planar flame was computed modifying ¢bde utilized for the expanding
cylindrical flame. Figure A-4 illustrates the resof a calculations in which a planar

Ho/air (¢=0.31) flame propagated until reaching steady statestoavs that the solution

computed agrees with profiles computed from thedsied PREMIX code [200].

1600 S| -roeverneeeeereee _____________________ ]
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1200 ................ i
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600 Ax—5 um | T — ]

400 o Ax=15 pm |- N
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1.5 2 25 3

r [m] x10°
Figure A-3. Temperature profiles at t = Ins for two expanding cylindrical flame

calculations computed with different mesh sizesAx (HJ/Air, @=0.37, T" =298K,
p=1atm, R/dJ, =1 [201]).
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Figure A-4. Comparison between solutions obtainedrdm PREMIX [200] and from one-

dimensional planar computations in COMSOL at steadystate. Figure (a) and (b) show
temperature and H atom mass fraction profiles, resectively. The two numerical
simulations utilize the same transport coefficientsthermodynamics properties and chemical
kinetics of the HY/O, system of GRI 2.11 mechanism [146] and a mixturevaraged

formulation [113] to model molecular diffusion.
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A.2. Quasi-steady response and ignition transients of panding cylindrical
flames

This section discusses the quasi-steady resporgsehanignition transients associated
with the cylindrical flames numerical simulationsegented in Section 3.3. We follow a
procedure similar to that described in Ref. [48]identify unsteady effects in the

response of propagating flames. The starting pafitihis analysis is the energy balance

equation written in cylindrical coordinates [202]:

T  aT) 19 K
00(at “Ej ra{( ijkar (A.3)

k=:

where p represents the density of the gas mixtwe,is the specific heat at constant
pressure of the gas mixture, is the gas flow velocity in the radial directioA, is the
thermal conductivity of the gas mixture,, is the specific heat at constant pressure of

the k -th species,j,, is the diffusion flux of thek -th species and|" is the heat release

per unit volume due to chemical reactions. Rewrmtequation (A.3) in a reference

frame moving with the flame at a spegd= dR,, / di we obtain

K
-pc, (aT sda—T]—(q—é)anla(Ma—Tj—Z%,k j,kz—T+d’=0 (A.4)
o

ot or o ra a ) ia
Unsteady Convection Diffusion Chemical
Term Term Term heat source
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Unsteady effects are associated with the first termquation (A.4): in the quasi-steady
limit, this term is small compared to the others.

Figure A-5 shows the magnitude of the various teofnequation (A.4) plotted against
radial positionr at different time instants (= 0.1, 0.2, 0.5 and 1ms) after ignition<

Oms) for ECF with R/J;,=0.25. For convenience, Figure A-6 shows these time
instants plotted as dots on the graphs of consemptite s, versus timet or curvature

K. to have a direct comparison with the data presemteSection 3.3. Figure A-7 and
Figure A-8 show the same analyses as Figure A-5Fignate A-6 but for the ECF with
R/3J:,=0.75. As it can be observed from these figures, thenitade of the unsteady
term (solid line) is small at = 0.5 and 1ms for both intial radR® of the ignition pocket.

These data indicate that after reaching a peakuoopison speed, the response of these
cylindrical flames quickly becomes quasi-steadye Tifference between quasi-steady
responses of ECF with differelR are entirely due to the different energy contaimed

the ingntion pocket [48]. Finally, it should be edtthat the unsteady term does not
become exactly equal to zero because the flamkniss is increasing and the products
at the center of the pocket are cooling as thedlaxpands because of non-unity Lewis

number effects and differential diffusion of specie
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Figure A-5. Magnitude of the terms in equation (A.¥ plotted against radial positionr at
different time instants (t=0.1, 0.2, 0.5 and 1ms shown in Figure A-6) afterrigion (t =0ms)

for ECF with R/J;,=0.25.
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Figure A-6. Consumption rate s, plotted against timet (a) and curvature K. =ZI7/Ref (b)

for ECF with R/J;,=0.25. The dots represent the time instants at which thelata in
Figure A-5 are obtained.
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Figure A-7. Magnitude of the terms in equation (A.} plotted against radial positionr at
different time instants (t=0.1, 0.2, 0.5 and 1ms shown in Figure A-8) afterrigion (t =0ms)

for ECF with R /&, =0.75
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Figure A-8. Consumption rate s, plotted against timet (a) and curvature K. =ZI7/Ref (b)
for ECF with R/J;,=0.75. The dots represent the time instants at which thelata in

Figure A-7 are obtained.
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A.3. Tubular flames with an inner wall and spherical flanes

This section presents results for two other oneedsional flame geometries related to

those presented in Chapter 3 and shown in Figu®e tAbular flames with an inner wall

of radius R and expanding spherical flames (ESF) ignited feopocket of burnt gases.

These geometries were not included in Chapter 3ausec they do not add much
information to the results already presented inti8ec3.3: the separate effects of
curvature, strain and ignition transients can Iseulised satisfactorily just utilizing planar
counterflow flames (PCF), tubular flames with namen wall (TCF) and expanding

cylindrical flames (ECF). Nonetheless, these resalte reported in this Section for
completeness. As in Chapter 3, all the numeriecatkitions considered in this Appendix
utilize the transport coefficients, thermodynanpesperties and chemical kinetics of the
H,/O, system of GRI 2.11 mechanism [146] and a mixtweraged formulation [113] to

model molecular diffusion. Furthermore, we considely an H/Air flame at an
equivalence ratio ofp= 0.31 and with initial reactants temperatire=298K and at

pressurep = latm.
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Figure A-9. Premixed flame geometrical configuratias described in this Appendix: tubular
counterflow flame with an inner wall of radius R, (left), expanding spherical flame (right).

The tubular flame with an inner wall representsrd@rmediate situation between a PCF (

R>R - «)and a TCF R> R =0). The size of the internal radid® adds a degree of

freedom to the flame response since different flarsebjected to equal stretch rates

k =du,/dz can have different radius of curvature dependinghe size ofR . In fact,

this geometrical configuration is useful to stude tdifferent effects of strain and
curvature on the flame response, as pointed ougXample in Ref. [203]. To illustrate,

Figure A-10 shows the consumption sped(as defined in Chapter 3) dependence on
stretch ratex for flames with differentR : for all the simulations the external radius was
maintained at the same distance from the interadius, R= R +1cn. As it can be

observed, at smalleR consumption speed are larger for the same valstretch rate,

with the differences increasing as the stretchirateases.

152



12 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, E:
3 ‘ ;
a8 =R
v ; : —RJ5 =18
alf- R increasing |—r/s;, =12]]
: | —RyJoy, =5
0 i i —R/5 =
0 100 200 300 400

K01/t
Figure A-10. Consumption rate S, dependence on stretch ratex for tubular counterflow

flame computations with inner walls of different radi R and R= R +lcn. The
R /3., = curve refers to solutions obtained from a PCF comgtation.

The characteristics of expanding spherical flames samilar to those of expanding

cylindrical flames. However, for the same flameiwuadR _ the mean curvature of
spherical flames K, =2/R ) is two times larger than that of cylindrical flam (
K. =R, ): this causes ignition transients and nonlineéects to differ between the
two configurations. Figure A-11 shows the consuoiptiate s, and flame thicknesses
J; andd,,, for TCF (R =0), ECF and ESF both ignited by a pocket of burisegawith
initial radius R /d,, =0.25. As it can be observed from Figure A-11a, the oomgion
speeds, of the spherical flame is bounded between the B&FTCF solutions except at
high K., which are inaccessible to ECF and TCF. Figurelh-and c, instead, shows

that for low K. spherical flames tend to be thicker than cyliralrftames.
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against mean curvature K. for an expanding cylindrical flame with R/é}o =0.25 (solid

red line), an expanding spherical flame withR/é}O =0.25 (dashed blue line) and a tubular
flame with no inner wall (dashed-dotted black line)
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APPENDIX B

B.1. Sensitivity to the choice of Tt

In this Section we investigate the sensitivity loé results presented in Chapter 3 to the

particular choice of temperature isosurfatg used to represent the flame surface
position.

Figure B-1 shows the fuel consumption weightedtj®IDFs of local mean curvatute,
with consumption speed. (1% row), inverse of flame thicknesg (2" row), J,, (3°
row) and strain raté<g (4" row) for the cylindrical and spherical flamelefscase C31;
different isothermal surfaceg,, are used to define the flame surfatg; = 990K (left
column), T, =1088K (central column) andr =1190K (right column). From these
figures it is clear that the peak probability o tjoint PDFs falls on top of the model

laminar flame computations regardless of the paldicT

ref

choice: with increasing

curvatures valueK. tend to be higher while strain rat& values tend to be lower, in
agreement with the model laminar flame computati®esides, the overall shape of the

joint PDFs does not appear to be affected by thiecpkar choice ofT

ref ?

except for the

s, — K¢ joint PDF. The definition ofs; implicitly depends orK. through the terma

(see Section 3.2) and the decrease drcéhsumption at higher curvatures due to flame

thickening is counteracted by the decreas@ jp. For this reason the consumption speed

of the most highly curved flamelets agrees bettéth whe model laminar flame
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calculations forT,, =1190K . Similar considerations are valid for the othesesa(A31,

B31 and D31), which are not shown here.

Figure B-2 shows the fuel consumption weighted jBiDFs of strain rateKg with
consumption speed, (1% row) and flame thicknesg (2™ row), d,, (3“ row) for flame
elements characterized Bi{.d;,| <0.1 for case C31; different isothermal surfaces
are used to define the flame surfadg; = 990K (left column), T, =1088K (central
column) andT,, =1190K (right column). As it can be observed, the oveshlpe of the
joint PDFs is not substantially modified by the tmadar T, choice. However, the
scatter in the joint PDFs decreases with decreagjng This is presumably due to the
fact thats,, &, J,, and Kg are less sensitive to curvature effects Tgr =990K , as

shown in Figure B-1.
Finally, Figure B-3 and Figure B-4 show mean arahgdard deviations of data collected

at leading edge of the turbulent flame brush (seetién 3.5) fors, (1% row), & (2"
row), o, (3rd row) and Kg (4th row) plotted against leading edge meldp; different

isothermal surface$

ref

are used to define the flame surfatg; =990K (left column),
T =1088K (central column) and, =1190K (right column). These figures show that

the 1D laminar simulations computed at the avexadge of mean curvature reasonably
follow the enhancement in consumption speed witbreiasing turbulent intensity

regardless of thg_, chosen.
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Figure B-1. Case C31: fuel consumption-weighted jot PDFs of mean curvature K. and
burning speed s, (1* row), flame thicknessd; (2" row), J,, (3° row) and strain rate Kg

(4" row) for cylindrical and spherical flame elements (k, >k, >0). The PDFs are

normalized to the peak values. Lines superimpose the contours refer to results obtained
from one-dimensional laminar flame computations: dtdashed lines refer to TCF

computations while solid lines refer to ECF computtions with R /&, =0.25. Different
isothermal surfacesT , are used to define the flame surfaceT,, =990K (left column),

T, =1088K (central column) and T, =1190K (right column).
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Figure B-2. Case C31: fuel consumption-weighted joi PDFs of strain rate K and

burning speed s, (1™ row), flame thickness J; (2" row) andd,, (3 row) for flame
elements whose mean curvature is less than one tentf the unstretched thermal flame
thickness (i.e.|K05TO| <0.1). The PDFs are normalized to the peak values. Sdllines refer

to PCF computations. Different isothermal surfacesT_, are used to define the flame

ref

surface: T, =990K (left column), T, =1088K (central column) and T, =1190K (right
column).
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Figure B-3. Leading edge mean consumption rats, (1* row), mean flame thicknessd, (2™
row), oy, (3¢ row) and mean strain rate Kg (4" row) plotted against leading edge average
mean curvature K. . Symbols refers to different DNS cases (A31e”, B31 “x”, C31 “w”

and D31 “A"). The total length of the error bars is equal too on each side. Thicker solid

lines refer to ECF computations with R =3J;,/4 while thicker dot-dashed lines refer to
TCF computations. Different isothermal surfacesT,, are used to define the flame surface:

T =990K (left column), T, =1088K (central column) and T, =1190K (right
column).
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Figure B-4. Magnified view of Figure B-3 (4' row) centered on case A31, B31 and C31.

B.2. Sensitivity to the definition of leading edge

In this Section we investigate the sensitivity loé tesults presented in Section 3.5 to the
definition used to identify the leading edge of thebulent flame brush. In Section 3.2 a
progress variablec at each time instant was defined based on therteteous
consumption rate of Hand then the leading edge was defined as thenrdpic < 0.05.
Figure B-5 and Figure B-7 display mean and standindations of data collected at

leading edge of the turbulent flame brush (seei@e&t5) fors, (1% row), J; (2" row),
[ (3% row) and Ks (4" row) plotted against leading edge meap; different progress

variable T intervals are used to identify the leading edd@e<:C < 0.02£ (left column),
0<C<0.05 (central column) and0<CT<0.1 (right column). Clearly, there is little
difference between the three sets of samples,atidg a satisfactory level of statistical-
convergence. As expected, average values ofK., K, 1/d, and 1/4,, tend to
increase slightly and standard devaitions tendetwrehse slightly as the sample size is

reduced and moved closer to the leading edgddr.€<T < 0.02E).
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Figure B-5. Leading edge mean consumption rats, (1* row), mean flame thicknessd, (2™
row), o, (3¢ row) and mean strain rate Kg (4" row) plotted against leading edge average

mean curvature K.. Symbols refers to different DNS cases (A31e", B31 “x”, C31 “w”
and D31 “A™). The total length of the error bars is equal toog on each side. Thicker solid
lines refer to ECF computations with R =3J;,/4 while thicker dot-dashed lines refer to

TCF computations. Different averaged progress varible intervals are used to define the
leading edge of the turbulent flame brush: 0<T < 0.025 (left column), 0<T < 0.05
(central column) and 0< T < 0.1 (right column).
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Figure B-6. Magnified view of Figure B-5 (4' row) centered on case A31, B31 and C31.

B.3. Joint PDFs at the leading edge

To extend the investigation of statistics collectedhe leading edge of the flame brush

presented in Section 3.5, Figure B-7 shows areghted joint PDFs of local mean
curvature K. with consumption speed, (2* row), inverse of flame thicknesg (2nd
row), d,,, (3% row) and strain rateKg (4" row) for case A31 (i column), B31 (¥
column), C31 (% column) and D31 & column). The symbols superimposed to the
contours of these joint PDFs refer to leading ealga-weighted means &f, J; , J,,,
and K plotted against leading edge area-weighted m&arwhile the total length of the
error bars is equal tar on each side. These figures show that mean amdissth
deviations are sufficient to capture the increasiegd of s., K. and Kg and decrease
of o, andd,, with increasing turbulence. The peak of theset jBIDFs are close to the
mean values, indicating that the joint PDFs are toot asymmetric, except for the
K. —Ks joint PDF of case D31 for which the joint pdf ighly asymmetric. Sign and
strength of the correlations betwe&n ands,, J; , J9,, and K is consistent with the

discussions presented in Chapter 3 for fuel consiompveighted joint PDFs. Similar
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considerations are applicable when only cylindricald spherical elements are

considered, as shown in Figure B-8.

200{py31 - :
6-4-2 02 46 810

CT10 C6T0

Figure B-7. Area weighted joint PDFs of mean curvatre K. and burning speeds, (1*

row), flame thickness d; (2" row), J,, (3 row) and strain rate K4 (4" row) at the leading

edge for case A31 ficolumn), B31 (2 column), C31 (3 column) and D31 (4 column).
Symbols refer to leading edge area-weighted means 8., &; , J,, and K plotted against

leading edge area-weighted mearK . The total length of the error bars is equal tog on

each side. Thicker black solid lines refer to ECF @mputations with R =J;,/4 while
thicker black dot-dashed lines refer to TCF computéions.
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Figure B-8. Same as in Figure B-7, but only considag cylindrical and spherical flame
elements K, >k, >0) at the leading edge.
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APPENDIX C

This Appendix describes the analytical solutiontttd model problem of Section 4.3
[160]. This solution is obtained through an avemggirocedure (homogenization) for the
G-equation applicable when the velocity flow figld which the flame is moving is
composed by spatially and temporally separatecscakt us assume thatin Eq. (4.3)

is an incompressible velocity field with two sefethspatial scale§ =V(X)+V( ¥¢),
where ¢ is a small parameter representing the ratio oftihe length scales of the

velocity field: in this context it is natural to ede a solutionG in the form of an

asymptotic multiscale expansion
G=G(xt)+e G (X He, I +... (C.1)

Substituting Eq. (C.1) into Eq. (4.3) at the legdander we obtain

%GO+(\:/($<)+Y/(§/))[QDXG’+D.yG)— g

0,6+0,¢=0 (c2

where y = X/¢. The objective of the homogenization procedur® idescribe the motion
of the larger scal€z® in terms of the smaller scal@', namely, to obtain the effective

propagation speed, ( P, 3() of the large scale for a given positionh and direction of

propagationP = -0, G°
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=s ( P *) (C.3)

where

s(PY=-(MR+Y)d-P0, &+ d-"rO, & (C.4)

Eqg. (C.4) is a nonlinear eigenvalue problem, reférto as the flame “cell problem”

[204]. If the larger scale is a consta:n@) = cons! (i.e., its period is infinite) the ansatz

(C.1) is an exact solution angl obtained by homogenization procedure is the sane a

that obtained by simply averaging the Hamiltonianraequation (4.6). In this case the

discussion on the multiscale expansion has onlp@vational purpose.

In our model problem, we considered a two scale flith V(%) =(V,0) = cons and
v(%/e)=(0, f(x), where f(x) is periodic of periodL and zero mean; our choice of
G=y-¢&(x1) in Eqg. (4.4) is equivalent to imposir@’ = y and G' = -&(x t) with the

mean direction of propagation now beir%:(o,—l). With these choices Eg. (C.4)

reduces to:

S =541+ ¢ + Vg f( } (C.5)

The eigenfunctiong of this nonlinear eigenvalue problem has to satesfperiodicity

condition
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1 L
Ijg dx=7=0 (C.6)
0

This average slopg can also be interpreted as a conserved quantithéoconservation
equation (4.5), since its dynamics does not modify For Hamiltonians of the
mechanical type, H(xt,g)= ¢’/2+ f(x 1, this quantity represents an average

momentum of the system [169]. Equations (C.5)-(€&) be solved using the procedure

presented in Table 3. This is a simplified versadrthe procedure in Ref. [160] which
includes a general dependence on mean directigropfagation P = (sind,co®? ' and
the constant large scale velocity X) = V(cos? ,sirﬁ) = const. This simplified problem

was also originally solved by Phillips [205] whaliges the term “leading points”, which

correspond to our “Aubry-Mather leading points'Ghapter 4.

Onces; has been calculated, the flame shape can be a@dwdolving Eq.(C.5) fog:

(C.7)

Eq. (C.7) has two branches. For case 1 and case Pdible 3 the only physical solution

is g_, since it is the only one that satisfies the pidity condition (C.6). For case 2a in

Table 3, the physical solutiog jumps between the two branches. These jumps are at
points where f (x) reaches an absolute maximum (“transition poingsijl at points

where g is discontinuous (“shocks”). The only rules thagulate these jumps are the
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entropy conditiong (x;) < g( %) across a shock ab and the respect of the periodicity

condition (C.6). For the same value ®f there can be more than one entropy solugion

Table 3. Procedure used to calculate the front dispcement speed,s;, for the model
problem considered in Section 4.3.

Define s; =4/ -V +max(~ f( ¥) and the function

I:_1(2):Vz— S4/ 2+( V- 5)

Vi-g

1. If V > 5 thens; solves the nonlinear algebraic equation

IOLF'l(sr+ f(X)) dx=0
2. IfV<g
a. if J'OLF‘l(s;+ f(¥) dx<0 thens; = §;

b. elses; solves the same nonlinear algebraic equation ease 1.

3. If V =g the solution yields points whe@ = (i.e., a points where the flame|is

parallel to they-axis) and is not well described by equation (Z)e Bolution of

this case can be obtained as a limit from aboweasé 1 or from below of case 2

Finally, as an example we show how the large timmntf speeds, for a flame
propagating in a unidirectional periodic velocitigldl u,(x)= f(x), u, =0 can be

obtained through a simple geometric reasoning, @stioned in Section 2.4.2. For the

flow field under consideration Eq. (C.5) becomes:
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s =541+ g - (% (C.8)

When the flame front has reached a steady stafgiats wheref (x) has an absolute

minimum the flame slop® is zero, by geometric necessity.

Then, Eqg. (C.8) can be readily solved, obtaining

S =§ +max(— f( >§) (C.9)

This result is independent of the particular dstaflthe shear flow profilef (x) and is a

particular solution of case 2a in Table 3.

169



10.

11.

12.

REFERENCES

International Energy Agency (IEA), World Energytidak 2013 2013.

Peters, N.Multiscale combustion and turbulenderoceedings of the Combustion
Institute, 200932(1): p. 1-25.

Lipatnikov, A.N.,Fundamentals of Premixed Turbulent Combustfil2: CRC
Press.

Lipatnikov, A.N. and J. Chomiakj]olecular transport effects on turbulent flame
propagation and structureProgress in Energy and Combustion Science, 2005.
31(1): p. 1-73.

Lieuwen, T., V. Yang, and R. YettéBynthesis gas combustion: fundamentals
and applications2009: CRC Press.

Lipatnikov, A.N. and J. ChomiakTurbulent flame speed and thickness:
phenomenology, evaluation, and application in raditthensional simulations.
Progress in Energy and Combustion Science, 2282): p. 1-74.

Driscoll, J.F.,Turbulent premixed combustion: Flamelet structunel ats effect
on turbulent burning velocitiesProgress in Energy and Combustion Science,
2008.34(1): p. 91-134.

Wohl, K. and L. ShoreExperiments with butane-air and methane-air flames.
Industrial & Engineering Chemistry, 1956/(4): p. 828-834.

Venkateswaran, P., A. Marshall, J. Seitzman, Bndeuwen,Pressure and fuel
effects on turbulent consumption speeds gfCB blends.Proceedings of the
Combustion Institute, 20134: p. 1527-1535.

Venkateswaran, P., A. Marshall, J. Seitzmand dn Lieuwen, Turbulent
consumption speeds of high hydrogen content fueia f1-20 atm.Journal of
Engineering for Gas Turbines and Power, 20B6 p. 011504-1.

Venkateswaran, P., A. Marshall, D.H. Shin, DobM, J. Seitzman, and T.
Lieuwen,Measurements and analysis of turbulent consumsp@eds of HCO
mixtures.Combustion and Flame, 2011588): p. 1602-1614.

Kido, H. and M. Nakahara model of turbulent burning velocity taking the

preferential diffusion effect into consideratiadSME international journal. Ser.
B, Fluids and thermal engineering, 199&(3): p. 666-673.

170



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Kido, H., M. Nakahara, K. Nakashima, and J.H#asto, Influence of local flame
displacement velocity on turbulent burning velacityroceedings of the
Combustion Institute, 20029(2): p. 1855-1861.

Kido, H., K. Tanoue, M. Nakahara, and T. Inokgperimental study of the
turbulent combustion mechanism of non-stoichiometrixtures.JSAE Review,
1996.17(4): p. 361-367.

Nakahara, M. and H. Kid&tudy on the Turbulent Burning Velocity of Hydrogen
Mixtures Including HydrocarbormlAA journal, 2008.46(7): p. 1569-1575.

Bell, J.B., R.K. Cheng, M.S. Day, and |.G. Ste, Numerical simulation of
Lewis number effects on lean premixed turbulennds Proceedings of the
Combustion Institute, 20031(1): p. 1309-1317.

Bédat, B. and R.K. Chengxperimental study of premixed flames in intense
isotropic turbulenceCombustion and Flame, 1998)((3): p. 485-494.

Chen, Y.C. and R.W. BilgeExperimental investigation of three-dimensional
flame-front structure in premixed turbulent comhbwst Il. Lean hydrogen/air
Bunsen flame<Lombustion and Flame, 20QBg1-2): p. 155-174.

Williams, F.A., Progress in knowledge of flamelet structure andnetibn.
Progress in Energy and Combustion Science, 22§@): p. 657-682.

Clavin, P.Dynamic behavior of premixed flame fronts in lanniaad turbulent
flows. Progress in Energy and Combustion Science, 1B§%): p. 1-59.

Law, C.K. and C.J. Suntructure, aerodynamics, and geometry of premixed
flamelets Progress in Energy and Combustion Science, 2Z88): p. 459-505.

de Goey, L., J. van Oijen, V. Kornilov, andeh Thije BoonkkampRropagation,
dynamics and control of laminar premixed flameBroceedings of the
Combustion Institute, 20183(1): p. 863-886.

Yeung, P.K., S.S. Girimaji, and S.B. Pof#aining and scalar dissipation on
material surfaces in turbulence: implications fdarhelets. Combustion and
flame, 199079(3): p. 340-365.

Candel, S. and T. Poinsélame stretch and the balance equation for the #am
area.Combustion Science and Technology, 194%1-3): p. 1-15.

Pope, S.B.The evolution of surfaces in turbulendaternational journal of
engineering science, 19883(5): p. 445-469.

Lieuwen, T.C.Unsteady Combustor Physi@012: Cambridge University Press.

171



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Poinsot, T., D. Veynante, and S. Cand@lenching processes and premixed
turbulent combustion diagram3ournal of Fluid Mechanics, 199428561-606):
p. 230.

Day, M.S., J.B. Bell, P.T. Bremer, V. Pascudti,Beckner, and M. Lijewski,
Turbulence effects on cellular burning structures léan premixed hydrogen
flames.Combustion and Flame, 200%65): p. 1035-1045.

Poinsot, T., T. Echekki, and M.G. Mungalstudy of the laminar flame tip and
implications for premixed turbulent combustio@ombustion Science and
Technology, 199281(1-3): p. 45-73.

Trouvé, A. and T. Poinsdthe evolution equation for the flame surface dgnsit
turbulent premixed combustiodournal of Fluid Mechanics, 199278-1): p. 1-
31.

Echekki, T. and J.H. CheAnalysis of the contribution of curvature to preaux
flame propagationCombustion and Flame, 19901§1-2): p. 308-311.

Sinibaldi, J.O., J.F. Driscoll, C.J. MuellerMJ Donbar, and C.D. Carter,
Propagation speeds and stretch rates measured alonkled flames to assess
the theory of flame stretcombustion and flame, 200B333): p. 323-334.

Sinibaldi, J.O., C.J. Mueller, and J.F. Drischbcal flame propagation speeds
along wrinkled, unsteady, stretched premixed flameés Symposium
(International) on Combustiori998. Elsevier.

Renou, B., A. Boukhalfa, D. Puechberty, and inité, Local scalar flame
properties of freely propagating premixed turbuldtg@mes at various Lewis
numbersCombustion and Flame, 200R234): p. 507-521.

Renou, B., A. Boukhalfa, D. Puechberty, andT¥nite, Effects of stretch on the
local structure of preely propagating premixed lawbulent flames with various
lewis numbersSymposium (International) on Combustion, 199&1): p. 841-
847.

Gran, I.R., T. Echekki, and J.H. Chélegative flame speed in an unsteady 2-D
premixed flame: A computational studySymposium (International) on
Combustion, 199&26(1): p. 323-329.

Groot, G.R.A. and L.P.H. De Goeg, computational study on propagating
spherical and cylindrical premixed flame®roceedings of the Combustion
Institute, 200229(2): p. 1445-1451.

Sohrab, S.H., Z.Y. Ye, and C.K. Lafn experimental investigation on flame

interaction and the existence of negative flamedp&Symposium (International)
on Combustion, 19820(1): p. 1957-1965.

172



39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

Bechtold, J. and M. Mataloimhe dependence of the Markstein length on
stoichiometryCombustion and flame, 200127(1): p. 1906-1913.

Mosbacher, D.M., J.A. Wehrmeyer, R.W. Pitz, .CSling, and J.L. Byrd,
Experimental and numerical investigation of prerdixgubular flames.
Proceedings of the Combustion Institute, 20(%2): p. 1479-1486.

Chen, Z., M.P. Burke, and Y. Effects of Lewis number and ignition energy on
the determination of laminar flame speed using pgating spherical flames.
Proceedings of the Combustion Institute, 2CB#1): p. 1253-1260.

Lipatnikov, A.N. and J. Chomiakewis number effects in premixed turbulent
combustion and highly perturbed laminar flam&Sombustion Science and
Technology, 19981371-6): p. 277-298.

Sun, C.J. and C.K. La@n the nonlinear response of stretched premixatddka
Combustion and Flame, 20QIR1(1-2): p. 236-248.

Mishra, D., P. Paul, and H. Mukunddretch effects extracted from propagating
spherical premixed flames with detailed chemisitgmbustion and flame, 1994.
99(2): p. 379-386.

Mishra, D., P. Paul, and H. Mukun&iretch effects extracted from inwardly and
outwardly propagating spherical premixed flam€ambustion and flame, 1994.
97(1): p. 35-47.

Sivashinsky, G.Nonlinear analysis of hydrodynamic instability iaminar
flames—I. Derivation of basic equatiodscta Astronautica, 1974(11): p. 1177-
1206.

Class, A.G., B. Matkowsky, and A. Klimenka, unified model of flames as
gasdynamic discontinuitiedournal of Fluid Mechanics, 200891(1): p. 11-49.

Chen, Z. and Y. Jdheoretical analysis of the evolution from ignitik@rnel to
flame ball and planar flameCombustion Theory and Modelling, 2007(3): p.
427-453.

Bradley, D., P. Gaskell, and X. GBurning velocities, Markstein lengths, and
flame quenching for spherical methane-air flames:c@mputational study.
Combustion and Flame, 1998)4(1): p. 176-198.

Clavin, P. and J.C. Grafa-Ote@urved and stretched flames: the two Markstein
numbersJournal of Fluid Mechanics, 201486 p. 187.

Groot, G., J. Van Oijen, L. De Goey, K. Seshaaitd N. PetersThe effects of
strain and curvature on the mass burning rate oémpixed laminar flames.
Combustion Theory and Modelling, 20@2.p. 675-695.

173



52.

53.

54.

55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

Peiyong, W., H. Shengteng, W. Joseph, and BeiRdtretch and Curvature
Effects on Flamesn 42nd AIAA Aerospace Sciences Meeting and Ext#b@4,
American Institute of Aeronautics and Astronautics.

Wang, P., J.A. Wehrmeyer, and R.W. PBtretch rate of tubular premixed
flames.Combustion and Flame, 200B151-2): p. 401-414.

Clavin, P. and G. Joulitjigh-frequency response of premixed flames to weak
stretch and curvature: a variable-density analys@ombustion Theory and
Modelling, 19971(4): p. 429-446.

Joulin, G.,On the response of premixed flames to time-depérstestch and
curvature.Combustion Science and Technology, 19941-3): p. 219-229.

Im, H.G. and J.H. Cheisffects of flow transients on the burning veloaty
laminar hydrogen/air premixed flameBroceedings of the Combustion Institute,
2000.28(2): p. 1833-1840.

Peters, N.,The turbulent burning velocity for large-scale ammnall-scale
turbulence Journal of Fluid Mechanics, 199884(1): p. 107-132.

Hawkes, E.R. and J.H. Cheayaluation of models for flame stretch due to
curvature in the thin reaction zones reginferoceedings of the Combustion
Institute, 200530(1): p. 647-655.

Rutland, C. and A. TrouvBijrect simulations of premixed turbulent flameshwit
nonunity Lewis number€ombustion and Flame, 1998Y1-2): p. 41-57.

Poinsot, T., S. Candel, and A. Trou&@plications of direct numerical simulation
to premixed turbulent combustioRrogress in Energy and Combustion Science,
1995.21(6): p. 531-576.

Kuznetsov, V.R. and V.A. Sabel'nikolirbulence and combustiot990, New
York: Hemisphere Publishing.

Kadowaki, S. and T. Hasegavidymerical simulation of dynamics of premixed
flames: flame instability and vortex—flame interant Progress in Energy and
Combustion Science, 20051(3): p. 193-241.

Roberts, W.L., J.F. Driscoll, M.C. Drake, ané® LGoss|mages of the quenching
of a flame by a vortex—To quantify regimes of tlebucombustionCombustion
and Flame, 19934(1-2): p. 58-69.

Ishizuka, S.Flame propagation along a vortex axiBrogress in Energy and
Combustion Science, 20023(6): p. 477-542.

Buckmaster, JThe structure and stability of laminar flamesnnual review of
fluid mechanics, 199251): p. 21-53.

174



66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Law, C.K.,Combustion physic2006: Cambridge Univ Pr.

Dixon-Lewis, G.Structure of laminar flamedn Symposium (International) on
Combustion1991. Elsevier.

Borghi, R.,On the structure and morphology of turbulent prezdiXlamesin
Recent advances in the Aerospace Scield@&85, Springer. p. 117-138.

Turns, S.R.An introduction to combustior?™ ed. 2000, New York: Mc Graw
Hill.

Dunn, M.J., A.R. Masri, R.W. Bilger, and R.SarBw, Finite rate chemistry
effects in highly sheared turbulent premixed flamE®w, turbulence and
combustion, 201@B5(3-4): p. 621-648.

Aspden, A.J., M.S. Day, and J.B. Bdllirbulence—flame interactions in lean
premixed hydrogen: transition to the distributedrog regime.Journal of Fluid
Mechanics, 20111(1): p. 1-34.

Poludnenko, A.Y. and E.S. Orde interaction of high-speed turbulence with
flames: Global properties and internal flame stuet Combustion and Flame,
2010.1575): p. 995-1011.

Peters, NLaminar flamelet concepts in turbulent combustian Symposium
(International) on Combustiori988. Elsevier.

Bilger, R.W., S.B. Pope, K.N.C. Bray, and DFscoll, Paradigms in turbulent
combustion researctiProceedings of the Combustion Institute, 2BI%1): p. 21-
42.

Damkdhler, G.Der einfluld der turbulenz auf die flammengeschvgkeit in
gasgemischenZeitschrift fur Elektrochemie und angewandte pkagische
Chemie, 194046(11): p. 601-626.

Brutscher, T., N. Zarzalis, and H. Bockholm, experimentally based approach
for the space-averaged laminar burning velocity duger modeling premixed
turbulent combustionProceedings of the Combustion Institute, 208%2): p.
1825-1832.

Bradley, D., M. Lawes, K. Liu, and M.S. Mansowleasurements and
correlations of turbulent burning velocities oveide ranges of fuels and elevated
pressuresProceedings of the Combustion Institute, 2B481): p. 1519-1526.

Daniele, S., J. Mantzaras, P. Jansohn, A. benignd K. Boulouchosklame
front/turbulence interaction for syngas fuels ire tthin reaction zones regime:
turbulent and stretched laminar flame speeds atvatbsl pressures and
temperaturesJournal of Fluid Mechanics, 20184 p. 36-68.

175



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Veynante, D. and L. Vervisciurbulent combustion modelind?rogress in
Energy and Combustion Science, 200&3): p. 193-266.

Kolla, H. and N. Swaminatha8trained flamelets for turbulent premixed flames,
I: Formulation and planar flame result€ombustion and Flame, 2011575): p.
943-954.

Kolla, H. and N. Swaminatha8{rained flamelets for turbulent premixed flames
II: Laboratory flame resultsCombustion and Flame, 201157(7): p. 1274-1289.

Knudsen, E., H. Kolla, E.R. Hawkes, and H.dPit6ES of a premixed jet flame
DNS using a strained flamelet mod€lombustion and Flame, 201850(12): p.
2911-2927.

Subramanian, V., P. Domingo, and L. Verviddrge eddy simulation of forced
ignition of an annular bluff-body burne€Combustion and Flame, 201157(3): p.
579-601.

Peters, NTurbulent combustiarR000: Cambridge university press.

Muppala, S.P.R., N.K. Aluri, F. Dinkelackerdafl. Leipertz,Development of an
algebraic reaction rate closure for the numericahlaulation of turbulent

premixed methane, ethylene, and propane/air flaimegressures up to 1.0 MPa.
Combustion and Flame, 200B104): p. 257-266.

Bray, K.N.C. and R.S. Cang§ome applications of Kolmogorov's turbulence
research in the field of combustidAtoceedings of the Royal Society of London.
Series A: Mathematical and Physical Sciences, 14841890): p. 217-240.

Swaminathan, N. and K.N.C. Braywrbulent premixed flameg011: Cambridge
University Press.

Swaminathan, N. and R.W. Bilgé&nalyses of conditional moment closure for
turbulent premixed flamesCombustion Theory and Modelling, 2008(2): p.
241-260.

Kemenov, K.A. and S.B. Popilolecular diffusion effects in LES of a piloted
methane—air flameCombustion and Flame, 2011582): p. 240-254.

Poludnenko, A.Y. and E.S. Ordae interaction of high-speed turbulence with
flames: Turbulent flame speedombustion and Flame, 2011582): p. 301-326.

Bell, J.B., M.S. Day, J.F. Grcar, M.J. Lijews&iF. Driscoll, and S.A. Filatyev,
Numerical simulation of a laboratory-scale turbulesiot flame.Proceedings of
the Combustion Institute, 20031(1): p. 1299-1307.

Day, M.S., S. Tachibana, J.B. Bell, M. Lijewski Beckner, and R.K. Cheng,
combined computational and experimental characéion of lean premixed

176



93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

turbulent low swirl laboratory flames: I. Methanarhes.Combustion and Flame,
2011.

Chen, J.B. and H.G. Ingtretch effects on the burning velocity of turbtilen
premixed hydrogen/air flame&roceedings of the combustion institute, 2000.
28(1): p. 211-218.

Peters, N., P. Terhoeven, J.H. Chen, and T.ekkth Statistics of flame
displacement speeds from computations of 2-D udgteaethane-air flamesn
Symposium (International) on Combusti@898. Elsevier.

Day, M.S., I.G. Shepherd, J.B. Bell, J.F. Gread M.J. LijewskiDisplacement
speeds in turbulent premixed flame simulatj@@08.

Chakraborty, N. and R.S. Cahffects of Lewis number on flame surface density
transport in turbulent premixed combusti@ombustion and Flame, 2011.

Baum, M., T. Poinsot, D.C. Haworth, and N. [b#ra, Direct numerical
simulation of H/O,/N, flames with complex chemistry in two-dimensional
turbulent flowsJournal of Fluid Mechanics, 199281 p. 1-32.

Hawkes, E.R. and J.H. Chddirect numerical simulation of hydrogen-enriched
lean premixed methane—air flam&ombustion and Flame, 2004383): p. 242-
258.

Hawkes, E.R. and J.H. Ch&pmparison of direct numerical simulation of lean
premixed methane—air flames with strained lamindamg calculations.
Combustion and Flame, 200B44(1): p. 112-125.

Sankaran, R., E.R. Hawkes, J.H. Chen, T. bd, @.K. Law, Structure of a
spatially developing turbulent lean methane—air 82mflameProceedings of the
Combustion Institute, 20031(1): p. 1291-1298.

Bradley, D., P. Gaskell, A. Sedaghat, and X, @Generation of PDFS for flame
curvature and for flame stretch rate in premixedrbtdent combustion.
Combustion and flame, 2008354): p. 503-523.

Haworth, D.C. and T. Poinsdtumerical simulations of Lewis number effects in
turbulent premixed flamedournal of Fluid Mechanics, 199244(1): p. 405-436.

Chakraborty, N. and R.S. CakBffects of strain rate and curvature on surface
density function transport in turbulent premixeahfles in the thin reaction zones
regime.Physics of Fluids, 2003.7: p. 065108.

Chakraborty, N. and R.S. Cabtisteady effects of strain rate and curvature on

turbulent premixed flames in an inflow—outflow d¢gafation. Combustion and
Flame, 20041371-2): p. 129-147.

177



105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Chakraborty, N. and R.S. Camifluence of Lewis number on curvature effects in
turbulent premixed flame propagation in the thiacgon zones regimé2hysics
of Fluids, 200517: p. 105105.

Chakraborty, N. and R.S. Cdnffjluence of Lewis number on strain rate effects in
turbulent premixed flame propagatiomternational Journal of Heat and Mass
Transfer, 200649(13-14): p. 2158-2172.

Kim, S.H. and H. Pitsclgcalar gradient and small-scale structure in tudmil
premixed combustiofiRhysics of Fluids, 2002.9(11): p. 115104.

Chakraborty, N., M. Klein, and N. Swaminath&ffects of Lewis number on the
reactive scalar gradient alignment with local straiate in turbulent premixed
flames.Proceedings of the Combustion Institute, 2@21): p. 1409-1417.

Cant, R.S.,Direct numerical simulation of premixed turbulentanhes.
Philosophical Transactions of the Royal Society lafndon. Series A:
Mathematical, Physical and Engineering Science991957(1764): p. 3583-
3604.

Girimaji, S.S. and S.B. PopPBropagating surfaces in isotropic turbulence.
Journal of Fluid Mechanics, 199234 p. 247-277.

Ashurst, W.T., N. Peters, and M.D. Smodkamerical simulation of turbulent
flame structure with non-unity Lewis numbe€ombustion science and
technology, 198753(4-6): p. 339-375.

Swaminathan, N. and R.W. Bilg&galar dissipation, diffusion and dilatation in
turbulent H2-air premixed flames with complex cretrgi Combustion Theory
and Modelling, 20015(3): p. 429-446.

Kee, R.J., J. Warnatz, and J.A. MillEgrtran computer-code package for the
evaluation of gas-phase viscosities, conductivitisd diffusion coefficients.
Sandia report SAND83-8209, 1983.

Echekki, T. and J.H. Chddnsteady strain rate and curvature effects in tlebt
premixed methane-air flameSombustion and Flame, 19986(1): p. 184-202.

Chen, J.H., T. Echekki, and W. Kollmarme mechanism of two-dimensional
pocket formation in lean premixed methane-air flanwith implications to
turbulent combustiorCombustion and Flame, 1990161-2): p. 15-48.

Kollmann, W. and J.H. CheRpocket formation and the flame surface density
equation.Symposium (International) on Combustion, 198R1): p. 927-934.

Chen, J.H. and H.G. In€Correlation of flame speed with stretch in turbulen
premixed methane/air flamesn Symposium (International) on Combustion
1998. Elsevier.

178



118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Im, H.G. and J.H. CheRreferential diffusion effects on the burning raik
interacting turbulent premixed hydrogen-air flameSombustion and flame,
2002.131(3): p. 246-258.

Chakraborty, N., E.R. Hawkes, J.H. Chen, arff. Rant,The effects of strain
rate and curvature on surface density function $@ort in turbulent premixed
methane—air and hydrogen-air flames: A comparasuedy. Combustion and
Flame, 2008154(1): p. 259-280.

de Charentenay, J. and A. Ekulticomponent transport impact on turbulent
premixed H 2/0 2 flame€ombustion Theory and Modelling, 20@¢3): p. 439-
462.

Tanahashi, M., M. Fujimura, and T. Miyauc@ioherent fine-scale eddies in
turbulent premixed flame®roceedings of the Combustion Institute, 2028)1):
p. 529-535.

Tanahashi, M., Y. Nada, Y. Ito, and T. Miaythical flame structure in the well-
stirred reactor regimeProceedings of the Combustion Institute, 20%2): p.
2041-2049.

Shim, Y.S., S. Tanaka, M. Tanahashi, and Tyalthi, Local structure and
fractal characteristics of H2—air turbulent premtkdlame. Proceedings of the
Combustion Institute, 201B83(1): p. 1455-1462.

Shim, Y.S., N. Fukushima, M. Shimura, Y. Nad4, Tanahashi, and T.
Miyauchi, Radical fingering in turbulent premixed flame clifissl into thin

reaction zonesProceedings of the Combustion Institute, 20341): p. 1383-
1391.

Chakraborty, N. and R.S. CaRhysical insight and modelling for Lewis number
effects on turbulent heat and mass transport irbdlent premixed flames.
Numerical Heat Transfer, Part A: Applications, 20898): p. 762-779.

Chakraborty, N. and R.S. Cas#iffects of Lewis number on turbulent scalar
transport and its modelling in turbulent premixéahfies.Combustion and Flame,
2009.156(7): p. 1427-1444.

Katragadda, M., S.P. Malkeson, and N. Chaktgpblodelling of the tangential
strain rate term of the Flame Surface Density traors equation in the context of
Reynolds Averaged Navier—Stokes simulati®roceedings of the Combustion
Institute, 201133(1): p. 1429-1437.

Han, I. and K.Y. HulRoles of displacement speed on evolution of flamace

density for different turbulent intensities and liewnumbers in turbulent
premixed combustiol€ombustion and Flame, 20@52(1-2): p. 194-205.

179



129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Day, M.S., X. Gao, and J.B. Bdfroperties of lean turbulent methane-air flames
with significant hydrogen additionProceedings of the Combustion Institute,
2011.33(1): p. 1601-1608.

Aspden, A.J., M.S. Day, and J.B. Bebwis number effects in distributed flames.
Proceedings of the Combustion Institute, 2@3(1): p. 1473-1480.

Aspden, AJ., M.S. Day, and J.B. B&haracterization of low Lewis number
flames.Proceedings of the Combustion Institute, 2@B{1): p. 1463-1471.

Chatakonda, O., E.R. Hawkes, A.J. Aspden, K&stein, H. Kolla, and J.H.
Chen, On the fractal characteristics of low Damkéhler rhen flames.
Combustion and Flame, 2011650(11): p. 2422-2433.

Hawkes, E.R., O. Chatakonda, H. Kolla, A.R.rdten, and J.H. CherA
petascale direct numerical simulation study of thedelling of flame wrinkling
for large-eddy simulations in intense turbulen@ambustion and Flame, 2012.
1598): p. 2690-2703.

Zeldovich, 1., G.l1. Barenblatt, V. Librovicapnd G. MakhviladzeMathematical
Theory of Combustion and Explosiorf985, New York: Consultants Bureau
(Plenum Publishing Corporation).

Aluri, N.K., S.P.R. Muppala, and F. Dinkelack8ubstantiating a fractal-based
algebraic reaction closure of premixed turbulentmtiustion for high pressure
and the Lewis number effec@ombustion and Flame, 200B154): p. 663-674.

Karpov, V.P., A.N. Lipatnikov, and V.L. ZimgnElame curvature as a
deteminant of preferential diffusion effects inmneed turbulent combustiom
Advances in combustion science: in honor of YAZeéBdovich W.A. Sirignano,
A.G. Merzhanov, and L. De Luca, Editors. 1997, AIAA

Karpov, V.P., A.N. Lipatnikov, and V.L. ZimqgrA test of an engineering model
of premixed turbulent combustio®ymposium (International) on Combustion,
1996.26(1): p. 249-257.

Muppala, S.P.R., M. Nakahara, N.K. Aluri, Hid& J.X. Wen, and M.V.
Papalexandrigzxperimental and analytical investigation of theblent burning

velocity of two-component fuel mixtures of hydrogerethane and propane.
International Journal of Hydrogen Energy, 20B8422): p. 9258-9265.

Dinkelacker, F., B. Manickam, and S.P.R. Mdapdodelling and simulation of
lean premixed turbulent methane/hydrogen/air flaméth an effective Lewis
number approachCombustion and Flame, 2011589): p. 1742-1749.

Yuen, F.T. and O.L. Giildefurbulent premixed flame front dynamics and
implications for limits of flamelet hypothesiBroceedings of the Combustion
Institute, 201234 p. 1393-1400.

180



141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Ebert, U. and W. van Saarlo&sont propagation into unstable states: universal
algebraic convergence towards uniformly translatipglled fronts.Physica D:
Nonlinear Phenomena, 20a3461): p. 1-99.

Duclos, J.M., D. Veynante, and T. Poingotomparison of flamelet models for
premixed turbulent combustio@ombustion and Flame, 19935(1-2): p. 101-
117.

Marshall, A., P. Venkateswaran, J. Seitzmad, B LieuwenMeasurements of
leading point conditioned statistics of high hydeagcontent fuejsin 8" U. S.
National Combustion Meeti2§13: Park City, UT.

Hemchandra, S. and T. Lieuwéngcal consumption speed of turbulent premixed
flames—An analysis of “memory effect€ombustion and Flame, 2011575): p.
955-965.

Dunstan, T.D., N. Swaminathan, and K.N.C. Brafluence of flame geometry
on turbulent premixed flame propagation: a DNS stigation. Journal of Fluid
Mechanics, 2012709 p. 191-222.

Bowman, C.T., R.K. Hanson, D.F. Davidson, W.G5ardiner, V. Lissianski,
G.P. Smith, D.M. Golden, M. Frenklach, and M. Golderg. GRI-Mech 2.11
Available from: http://www.me.berkeley.edu/gri_méch

CHEMKIN. Available from: http://www.reactiondesign.com.
COMSOL Available from: http://www.comsol.com/.

Amato, A., M.S. Day, J.B. Bell, R.K. Cheng,dan. Lieuwen.Leading Edge
Statistics of Turbulent, Leans#Air Flames in 35" International Symposium on
Combustion2014. San Francisco, CA.

Pope, S.BTurbulent flows2000: Cambridge university press.

Aldredge, R.C.The propagation of wrinkled premixed flames in &gt
periodic shear flowCombustion and Flame, 199)2): p. 121-133.

Yu, K.M., C.J. Sung, and C.K. LawBome aspects of the freely propagating
premixed flame in a spatially periodic flow fiel@ombustion and Flame, 1994.
97(3-4): p. 375-383.

Sung, C.J., C.J. Sun, and C.K. L&malytic description of the evolution of two-
dimensional flame surfaceSombustion and Flame, 1998)7(1-2): p. 114-124.

Ashurst, W.T., G.I. Sivashinsky, and V. YakhBlame front propagation in

nonsteady hydrodynamic field€ombustion Science and Technology, 1988.
62(4): p. 273-284.

181



155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Ashurst, W.T. and G.I. SivashinskgHORT COMMUNICATION On Flame
Propagation Through Periodic Flow FieldsCombustion Science and
Technology, 199180(1): p. 159-164.

Ashurst, W.T., Flow-frequency effect upon Huygens front propagatio
Combustion Theory and Modelling, 20@§2): p. 99-105.

Kortsarts, Y., L. Kagan, and G. Sivashinsi§ame extinction by spatially
periodic shear flowsCombustion Theory and Modelling, 20@#2): p. 189-195.

Bourlioux, A.,Semi-analytical validation of a dynamic large-edsiynulation
procedure for turbulent premixed flames via thedsaion. Combustion Theory
and Modelling, 20004(4): p. 363-389.

Khouider, B., A. Bourlioux, and A.J. MajdBarametrizing the burning speed
enhancement by small-scale periodic flows: |. Usdyeshears, flame residence
time and bendingCombustion Theory and Modelling, 20&(3): p. 295-318.

Embid, P.F., A.J. Majda, and P.E. Sougani@ismparison of turbulent flame
speeds from complete averaging and the G-equaitwysics of Fluids, 1995.
7(8): p. 2052-2060.

Williams, F.A.,Turbulent combustignin The Mathematics of CombustjohD.
Buckmaster, Editor. 1985, SIAM: Philadelphia. p-1871.

Fleifil, M., A.M. Annaswamy, Z.A. Ghoneim, aWdF. GhoniemResponse of a
laminar premixed flame to flow oscillations: A kmatic model and
thermoacoustic instability result€ombustion and Flame, 199806(4): p. 487-

510.

Aldredge, R.C.The speed of isothermal-front propagation in isptco weakly
turbulent flows.Combustion Science and Technology, 200887): p. 1201-
1215.

Huang, Y. and V. Yan@ynamics and stability of lean-premixed swirl-steded
combustion.Progress in Energy and Combustion Science, 285@): p. 293-
364.

Pitsch, H. and L. Duchamp de Lagenekt¥ge-eddy simulation of premixed
turbulent combustion using a level-set approdetoceedings of the Combustion
Institute, 200229(2): p. 2001-2008.

Evans, L.C.,Partial differential equations 1998: American Mathematical
Society.

Wiggins, S.Introduction to applied nonlinear dynamical systesnsl chaos2nd
ed. 2003: Springer.

182



168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Fleming, W.H. and H.M. Sone€ontrolled Markov processes and viscosity
solutions Vol. 25. 2006: Springer New York.

E, W., Aubry—Mather theory and periodic solutions of th@céd Burgers
equation.Comm. Pure Appl. Math, 19992(7): p. 811-828.

Fathi, A. and A. SiconolfPDE aspects of Aubry-Mather theory for quasiconvex
Hamiltonians. Calculus of Variations and Partial Differential uagions, 2005.
22(2): p. 185-228.

Davini, A. and A. SiconolfiA Generalized Dynamical Approach to the Large
Time Behavior of Solutions of Hamilton--Jacobi Eiprs. SIAM journal on
mathematical analysis, 20088(2): p. 478-502.

Evans, L.C. and D. Gomegffective Hamiltonians and averaging for
Hamiltonian dynamics |Archive for rational mechanics and analysis, 2001.
157(1): p. 1-33.

Jauslin, H.R., H.O. Kreiss, and J. Mog@n. the forced Burgers equation with
periodic boundary conditionsn Proceedings of symposia in pure Mathematics
1999. American Mathematical Society.

Liu, Y.Y., J. Xin, and Y. YuPeriodic homogenization of G-equations and
viscosity effectdNonlinearity, 201023(10): p. 2351.

Xin, J. and Y. YuAnalysis and Comparison of Large Time Front Spdads
Turbulent Combustion ModelarXiv preprint, arXiv:1105.5607 [math.AP], 2011.

Pocheau, A. and F. Haramb@&tpnt propagation in a laminar cellular flow:
Shapes, velocities, and least time criteri®ysical Review E, 2008.7(3): p.
036304.

Xin, J. and Y. YuSharp asymptotic growth laws of turbulent flameesisein
cellular flows by inviscid Hamilton—Jacobi modesnnales de I'Institut Henri
Poincare (C) Non Linear Analysis, 2013.

Bec, J. and K. KhaniBurgers turbulencePhysics Reports, 200447(1): p. 1-
66.

Fedotov, SG-equation, stochastic control theory and relatizisnechanics of a
particle moving in a random fieldCombustion Theory and Modelling, 1997.
1(1): p. 1-6.

Mayo, J.R. and A.R. Kersteigcaling of Huygens-front speedup in weakly
random mediaPhysics Letters A, 200372(1): p. 5-11.

183



181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

Embid, P.F., A.J. Majda, and P.E. Sougankefigctive geometric front dynamics
for premixed turbulent combustion with separatetbaity scales.Combustion
Science and Technology, 1994031): p. 85-115.

Strogatz, S.Nonlinear dynamics and chaos: with applications ghysics,
biology, chemistry and engineerin@001: Westview Press (Perseus Books
Publishing).

Nishida, T. and K. Sog®ijfference approximation to Aubry-Mather sets o th
forced Burgers equatiomMonlinearity, 201225(9): p. 2401-2422.

Kerstein, A.R., W.T. Ashurst, and F.A. WillianField equation for interface
propagation in an unsteady homogeneous flow fiBldysical Review A, 1988.
37(7): p. 2728.

Kerstein, A.R. and W.T. Ashurd®assage rates of propagating interfaces in
randomly advected media and heterogeneous métigsical Review E, 1994.
50(2): p. 1100.

Fleming, W.H.,The Cauchy problem for a nonlinear first order pairt
differential equationd. Differential Equations, 1969: p. 515-530.

Bessi, U.Aubry-mather theory and Hamilton-Jacobi equatioBemmunications
in mathematical physics, 2003353): p. 495-511.

Anantharaman, N., R. Iturriaga, P. PadillaSBAnchez-Morgado, J. Banasiak, M.
Mokhtar-Kharroubi, N. Carlsson, G. Hognas, J. Ckiagp and E. Ugalde,

Physical solutions of the Hamilton-Jacobi equati@iscrete and Continuous

Dynamical Systems-Series B, 20683).

Liu, Y.Y., J. Xin, and Y. YuAsymptotics for turbulent flame speeds of the
viscous G-equation enhanced by cellular and shemavst Archive for Rational
Mechanics and Analysis, 2012022): p. 461-492.

Jiang, G.S. and D. PeMgeighted ENO Schemes for Hamilton-Jacobi Equations.
SIAM Journal on Scientific computing, 20(1(6): p. 2126-2143.

Gottlieb, S. and C.W. Shiiiptal variation diminishing Runge-Kutta schemes.
Math. Comput., 19987(221): p. 73-85.

Gilbarg, D. and N. TrudingeElliptic PDE of second order2™ ed. 1983:
Springer-Verlag, New York.

Amato, A., Leading Points Concepts in Turbulent Premixed Ccstibn
Modeling 2014, Georgia Institute of Technology.

184



194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

Cardaliaguet, P., J. Nolen, and P.E. Souganitiomogenization and
Enhancement for the G-Equatiofirchive for Rational Mechanics and Analysis,
2011.1992): p. 527-561.

Xin, J. and Y. YuPeriodic homogenization of the inviscid G-equatifm
incompressible flowsCommunications in Mathematical Sciences, 2@(8): p.
1067-1078.

Cardaliaguet, P. and P.E. Souganld@nogenization and enhancement of the G-
equation in random environmen#sXiv preprint arXiv:1110.1760, 2011.

Lutz, A.E., R.J. Kee, J.F. Grcar, and F.M. IBypOPPDIF: A Fortran program
for computing opposed-flow diffusion flameSandia National Laboratories
Report SAND96-8243, 1997.

Hindmarsh, A.C., P.N. Brown, K.E. Grant, S.kee, R. Serban, D.E. Shumaker,
and C.S. WoodwardSUNDIALS: Suite of nonlinear and differential/algaio
equation solversACM Transactions on Mathematical Software (TOMEZ)Q5.
31(3): p. 363-396.

Davis, S.G., A.V. Joshi, H. Wang, and F. Egotiulos,An optimized kinetic
model of H/CO combustionProceedings of the Combustion Institute, 2005.
30(1): p. 1283-1292.

Kee, R.J., J.F. Grcar, M.D. Smooke, and J.AlleM PREMIX: a Fortran
program for modeling steady laminar one-dimensigom@mixed flamesSandia
report SAND85-8240, 1985.

Amato, A., M.S. Day, R.K. Cheng, J.B. Belldah. Lieuwen,Leading Point
Statistics of a Turbulent, LeanytAir Flame in Spring Technical Meeting of the
Central States Section of the Combustion Ins&@Qd@: Dayton, Ohio, USA.

Kee, R.J., M.E. Coltrin, and P. Glarbo@hemically reacting flow: theory and
practice 2005: John Wiley & Sons.

Yokomori, T., Z. Chen, and Y. JG6tudies on the flame curvature effect on
burning velocity in 44th AIAA Aerospace Sciences Meeting and ExI#DR6.

Xin, J.,An Introduction to Fronts in Random Medfurveys and Tutorials in the
Applied Mathematical Sciences (5). 2009: Springer.

Phillips, O.M., The entrainment interfacelournal of Fluid Mechanics, 1972.
51(1): p. 97-118.

185



