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Abstract

Direct numerical simulations of the interaction of a preatiXlame with driven, subsonic, homogeneous, isotropic,
Kolmogorov-type turbulence in an unconfined system are tsestudy the mechanisms determining the turbulent
flame speedS$y, in the thin reaction zone regime. High intensity turbukerecconsidered with the r.m.s. velocity 35
times the laminar flame spe€8,, resulting in the Damkohler numb&ra = 0.05. The simulations were performed
with Athena-RFX, a massively parallel, fully compressjiiégh-order, dimensionally unsplit, reactive-flow code.
A simplified reaction-difusion model, based on the one-step Arrhenius kineticsesepits a stoichiometricaHair
mixture under the assumption of the Lewis number= 1. Global properties and the internal structure of the
flame were analyzed in an earlier paper, which showed thaststem represents turbulent combustion in the thin
reaction zone regime. This paper demonstrates that: (1fldime brush has a complex internal structure, in which
the isosurfaces of higher fuel mass fractions are foldedrogrpssively smaller scales. (2) Global properties of
the turbulent flame are best represented by the structuteeatgion of peak reaction rate, which defines the flame
surface. (3) In the thin reaction zone regingg, is predominantly determined by the increase of the flameasarf
area,Ar, caused by turbulence. (4) The observed increa$s oklative toS; exceeds the corresponding increase of
At relative to the surface area of the planar laminar flame, ereae, bys 14%, varying from only a few percentto as
high as~30%. (5) This exaggerated response is the result of tightflaaaking by turbulence, which causes frequent
flame collisions and formation of regions of high flame cunvag> 1/6., or “cusps,” where,_ is the thermal width
of the laminar flame. (6) The local flame speed in the cuspsautislly exceeds its laminar value, which results in a
disproportionately large contribution of cusps3p compared with the flame surface area in them. (7) A critergon i
established for transition to the regime significantly iaflaed by cusp formation. In particular, at Karlovitz nunsber
Ka =z 20, flame collisions provide an important mechanism colm@ISt, in addition to the increase & by
large-scale motions and the potential enhancementiafsilie transport by small-scale turbulence.
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1. Introduction

One of the fundamental questions of turbulent combustisearch concerns our ability to understand and predict
the rate of energy release, or equivalently the burningdpeta turbulent flame. This can be achieved if two
key aspects of the combustion process can be determineds (dfal properties, namely the local speed of flame
propagation, and (2) its global characteristics, i.e.,abferall structure of the turbulent flame that connects tieallo
burning velocity with the turbulent flame speed. In genesath local and global characteristics are not universal for
the combustion process. They can vary substantially baspate and time due to the unsteadiness, inhomogeneity,
and anisotropy of the turbulent flow associated with theesysjeometry, presence of walls and boundaries, change
in the flow conditions, etc.

Our present understanding of turbulent combustion is lgrigased on the concept originally proposed almost
70 years ago by Damkohler [1] (also see reviews| by [2] 3| ¥, Bhis concept is formulated for a turbulent flame
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that is, on average, a planar, quasi-one-dimensionaltateipropagating in a steady, homogeneous, and isotropic
background turbulent flow. According to Damkohler’'s sustgen, two qualitatively distinct regimes of turbulence-
flame interaction can be identified, and they are typicalfgrred to as “large-scale” and “small-scale” turbulence
[1,5].

In the first regime, the overall structure of the turbulentigis determined by turbulent motions on large scales
greater than the flame width,. These motions stretch and fold the flame, thereby incrgéisirsurface arear. At
the same time, they do noffact the local burning velocit,, with which the flame propagates normal to its surface
at each point and which remains equal to the sp8gdof the unperturbed laminar flame. Consequently, the speed,
S+, of the turbulent flame grows proportionally to the increaftine flame surface area, i.&5 = S| (Ar/AL), where
A_ is the surface area of the planar laminar flame. The limitatiof this assumption were known practically at the
time when this model was proposed [6]. In particular, whenltbwis numbete # 1, S, can vary with the curvature
of the flame. As a result, the stretching and folding actiosaaflest > §, ends up &ectingS,,. The relation between
At and St, however, can be generalized by incorporating tfieots of flame strain and curvature in terms of the
stretch factot ([3], also see 7] for the review of the theory of flame strgtch

S = Iﬁ. 1)
S A
In the second regime, large-scale wrinkling of the flame bipulence is absent. Instead, small-scale motions,
which are energetic enough, penetrate and disrupt thenadtame structure. Thus moleculaffdsivity and thermal
conduction become enhanced, or completely dominated,étutibulent transport associated with such small-scale
turbulence. As a result, in this regime, the turbulent flapees is suggested to be [1]

St (Dr)”
=-(5)- @

whereD andDr+ are, respectively, the molecular and tlkeetive turbulent dtusivities.

These two regimes, infect, represent two limits of low and high turbulent inteysih the first case, large-scale
turbulence must be slow enough so that the Kolmogorov sgales, , thus causing the flow to remain laminar on
scalest < §,.. This combustion regime corresponds to the “wrinkled” andrfugated flamelets.” In the opposite
limit, the small-scale turbulence regime is realized whebulent motions on all scales in the system afcently
fast to form an &ectively one-dimensional (1D) structure analogous to thear laminar flame, but which has a much
larger width and speed. This second regime is often asgalidth either a “thin reaction zone” flame [5] or a “broken
reaction zone” (“distributed”) flamel[4, 8,,19,/10]. As a cogsence of considering these two limits, description of the
turbulent flame becomes significantly simplified. The lasgale regime assumes very simple local flame properties,
i.e., those of the laminar flame, but a complex global stmectif a highly convolved flame surface. The small-scale
regime, on the other hand, trades the simplicity of the dlgbacture of a planar flame for the complexity of its
internal structure, which is pronouncedly distinct fronattlof the laminar flame. Therefore, each of these regimes
has only one dynamically important quantity that completidterminesSt, namelyAr for the large-scale turbulence
andDr+ for the small-scale turbulence.

This picture then naturally raises the following questibiow does the transition occur between these two limiting
regimes of combustion? At some intermediate turbulenhgites, the flow will cease to be laminar on scales§ 6, .

As a result, turbulence will begin to penetrate the flameugisng it and causing its internal structure tdfeli from
that of the laminar flame. At the same time, the flame can res#iiitiently thin to form, under the action of high-
intensity large-scale motions, a highly convolved andttighacked configuration. The picture outlined above would
then imply a gradual shift with increasing turbulent iniéndérom the large-scale turbulence being the dominant
process controllingr to the small-scale one. Over a substantial range of turbulégnsities, however, it must be
their combined action that determines the magnitudgof

Of particular interest, in this respect, is the “thin reantzone” regime, in which only the preheat zone is disrupted
by turbulence. The presence of turbulent motions on scafe®, suggests that the molecular and thermal transport
between the reaction and preheat zones fisxt®d by turbulence. This should cau&eto differ from S, which
is characteristic of the small-scale turbulence regime.tt@nother hand, if the structure of the reaction zone is the
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same as in the laminar case, as occurs at the large-scalddryuwrf this regime, the®, must equalS.. Indeed,

Sn = (1/p0) prd(, wherepy is the fuel densityY is the reaction rate, anglis the coordinate normal to the flame.
SinceY £ 0 only in the reaction zone where it does ndteli from the laminar flame, it follows th&, = S_. What
does then determin8t in the thin reaction zone regime? Is it folding and stretghif the flame by turbulence,
implying the validity of eq.[{lL), or the microscopic turboteransport represented by €gl. (2), or both? How does the
balance between the two processes change with turbulentsity? Finally, is theféect of high-speed turbulence on
the flame limited to the two processes discussed above othgo mtechanisms also play a role?

Before these questions can be addressed, several corla#ifiioalties must first be resolved. Most importantly,
the definition of the flame surface and its area must be redisithis question, which has a seemingly simple answer
at low turbulent intensities, becomes quite nontrivial whiee flow is no longer laminar on scalg@s< .. In this
case, dterent regions of the flame aréected dfferently by turbulence and, thus, the isosurfaces of tenyerar
fuel mass fraction are not necessarily parallel. Furtheemwithout an accurate definition of the flame surface, it is
not clear what the local burning speed of the flame is, sinsajthantity typically describes flame propagation normal
to its surface and determining its local value requiresgrtion of the distribution o¥ normal to the flame surface,
as was discussed above.

In recent years, the advent of direct numerical simulat{@$S) has provided a tool permitting the mechanisms
that determiné&+ to be directly investigated. DNS have been used by a numigmooips to study the dynamics and
properties of turbulent flames| [S]-[11] (also see a review28]). With the exception of the work by Aspden et al.
[9,[10] that analyzed the fully distributed thermonucleanfe, these studies generally assume relatively low tunbule
intensities. Several authors also did explicitly consither relation betweeSr andAr. Bell et al. [20] analyzed
the three-dimensional (3D) DNS of a statistically planabtlent methane flame and determined thateviates
from unity by < 10%. A similar estimate was obtained by Khokhlov/[23] in 3Enslations of Rayleigh-Taylor
driven thermonuclear flames in degenerate matter. Bothesetlstudies, however, considered reactive mixtures in
which Le # 1 and, thereforel would not be expected to be exactly equal to one. In this cbontee result of
[23] is particularly interesting since degenerate matecharacterized bye > 1 and typically in excess of 20
Furthermore, both Bell et all_[20] and Khokhlav [23] congiel turbulent intensities which were too low to allow
small-scale motions to penetrat@@ently the interior of the flame. For instance, in|[20], theaacteristic turbulent
velocity was~ 4.3S,, and in [23], it reached value§ 12S, . Consequently, nofeects of the microscopic turbulent
transport would be expected in these cases.

In this respect, the work of Hawkes & Chenl[21] is of particitderest as it considered the validity of €g. (1) in the
thin reaction zone regime. They analyzed simulations aof,Ietatistically flat turbulent methane flames at turbulent
intensities< 28.5S, and found values df within a few percent of unity, with the exception of the meatbehydrogen
flame for whichl = 1.18 was determined. Interpretation of the implications efthresults for the thin reaction zone
regime, however, is complicated by the two-dimensional)(@8ture of their simulations. Moreover, the turbulent
integral scale was: 6., which substantially suppressed flame wrinkling and preaegthe development of a highly
convolved flame which would typically be expected to form irealistic setting.

The studies performed to-date, thus, generally show thiiyeturbulent intensities, the increaseSs is indeed
almost completely determined by the growth’af. At the same time, they leave open the questions discussse ab
regarding the mechanisms controlliSg in the thin reaction zone regime, let alone at higher tuniLilgensities.

The objective of this paper is to begin addressing thesetignesystematically by first considering the interaction
of a statistically planar, turbulent flame with the steadymlegeneous, isotropic turbulence. We assunfiécgently
high turbulent intensity to represent the regime that islbdine between thin and broken reaction zones, according
to the traditional combustion regime diagrams [5,24, 26]Fa. 2 in [11]). In other words, we consider the highest-
intensity turbulence, which has been hypothesized to ditmthe existence of a flame with the internal structure of
the reaction zone that is essentially nffeated by turbulent transport. The turbulent r.m.s. vejocftthe flow in
cold fuel isUyms =~ 35S, leading to the Damkohler numbBa = 0.05 and Gibson scaleg ~ 3 x 10745,. Here we
focus on thd_e = 1 situation to exclude thermdglisive dfects as a potential source of variations of the local flame
speed. Developing rigorous understanding of this simseavill then serve as a starting point for the study of more
realistic situations represented by more complex cheistr

This paper continues the analysis of the simulations firssgmted in [11]. The primary focus of [11] was a de-
tailed study of flame properties and evolution in the presaricuch high-speed turbulence. In particular, a method



was presented which allowed the direct determination ofitternal structure of the flame based on its actual 3D
configuration inside the flame brush. The analysis showddhbgreheat zone is broadened by turbulence while the
reaction-zone structure remains virtually identical tattof the planar laminar flame. Therefore, this study demon-
strated that, even under the action of such intense turbej¢he system can be classified as being in the thin reaction
zone regime.

Our starting pointin this work is the question of the defunitof the flame surface area in the high-speed turbulent
flow. Answering this will then allow us to determine whetheretation betweerst andAr, similar to eq.[(IL), can
indeed be established and, thus, which processes c&stiinlthe thin reaction zone regime.

2. Numerical method and simulations performed

2.1. Physical and numerical models

Here we summarize the physical model, the numerical metked,land key aspects of the simulation setup. A
more detailed discussion can be found.in [11].
We solve the system of unsteady, compressible, reactivesitmations,

dp

StV ) = 0 3)
ag;tlj+v-(pu®u)+VP = 0, (4)
&V ((E+Pu) -V (KVT) = —pa¥, (5)
L4V (pYu) -7 (oDVY) = p¥. (6)

Herep is the mass density is the velocity,E is the energy density, is the pressurey is the mass fraction of the
reactantsq is the chemical energy release, ana the reaction source term. The €daents of thermal conduction,
%, and molecular dfusion,D, are . .

T K T

D= D0_9 — = Ko—, (7)

p - pCp p
whereDy, ko, andn are constants, ard, = yR/M(y — 1) is the specific heat at constant pressure. The equation of
state is that of an ideal gas. Chemical reactions are modsiad the first-order Arrhenius kinetics

%{ Y =-pY Bexp( - R_QT) (8)

whereB is the pre-exponential factaQ is the activation energy, aridlis the universal gas constant.

Table[2 summarizes the parameters of the physical modelas@gll as the resulting properties of the planar
laminar flame|[11]. These parameters are based on a simpidadion-dffusion model designed to represent the
stoichiometric H-air mixture [26]. We refer ta [11, 26] for the detailed dission of the limitations of applicability
of this model for the description of the actual-dir mixture.

Egs. [3)48) are solved using the code Athena-REX [11] — daetive flow extension of the magnetohydrody-
namic code Athena [217, P8]. Athena-RFX is a fixed-grid, masdgiparallel, finite-volume, fully conservative code. It
implements a variant [28] of the fully unsplit corner-transt upwind (CTU) algorithm [29] and its 3D extension pre-
sented in[[30], in conjunction with the PPM spatial recamstiion [31] and the approximate nonlinear HLLC Riemann
solver. Overall, the code achieve§-®rder accuracy in space anrder accuracy in time. A detailed description
and an extensive suite of tests of the hydrodynamic integratigorithm can be found in_[27, 28]. Implementation
of the reactive-dtusive extensions in Athena-RFX, along with the results sfsténcluding convergence studies, is
discussed in detail in [11, 32].

The simulations presented here model flame interactionstéthdy, homogeneous, isotropic turbulence, described
by the classical Kolmogorov theory [|33]. Turbulence drgyia implemented using a spectral method [11, 32] similar
to the one used in_[34, B5]. In this method, velocity perttidyes 5G(k) are initialized in Fourier space, and each
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componen®(; (k) is an independent realization of a Gaussian random fieldrsuposed with the desired energy
injection spectrum. Subsequently, nonsolenoidal compiznef 60(k) are removed to ensure thét su(x) = 0. An
inverse Fourier transform afl(k) givessu(x), the velocity perturbation field in the physical space. Bhé&) is
normalized to provide a constant ratef kinetic-energy injection, and the total momentum in teetprbation field is
subtracted frondu(x) to ensure that no net momentum is added to the domainfipéu = 0. The resulting velocity
perturbations are added to the flow fieifk) at every time step, and the overall perturbation patteragenerated at
every time intervalit,, ~ 10Ax/cs, wherecs is the maximum sound speed in the domain Ardls the computational
cell size.

Energy is injected only at the scale of the domain widlthtp obtain the Kolmogorov-type spectrum. The resulting
turbulence is statistically steady, isotropic, and honmegels with the inertial range of the energy cascade extgndin
all the way to the energy injection scale (H1§. 1). Moreosarce the velocity perturbation field is divergence-free, n
compressions or rarefactions are artificially induced assalt of driving.

Egs. [3)46) do not explicitly include physical viscosityt instead rely on numerical viscosity to provide the
kinetic-energy dissipation. By systematically varying ttumerical resolution in this approach, the energy spectru
can be extended to progressively smaller scales 6, o while maintaining the spectrum constant on larger scales.
Thisis illustrated in Fid.J1, which shows instantaneougimenergy spectra in the cold nonreactive flow immediately
before the flame is initiated in the computational domaimieé simulations with progressively increasing resotutio
Such approach allows us to vary only the intensity of the bs@alle turbulent motions, and thus to investigate their
effects by diferentiating them from thefkects of large scales. Furthermore, it shows the range oésthat must
be resolved in a numerical simulation in order to capturaueately the evolution of the turbulent flame. This is
particularly important in the context of high-speed tudntlreactive flows, in which it is typically impossible to
resolve the Kolmogorov scale. The analysis presented |hd&fonstrated that scalds< ¢, o have virtually no
effect on the properties of the turbulent flame with the excepticthe degree of flame surface wrinkling on the fuel
side. This showed that the evolution of the turbulent flamelsaaccurately reproduced without the need to resolve
scalesd <« 6. 0. We refer tol[11] for a detailed discussion of this issue andyarticular, for a discussion of the
applicability of the results to the actual stoichiometrig&r mixture.

2.2. Summary of simulations

Key parameters of the simulations discussed here are supmadan Tabld 8. The main fference between the
three calculations is the resolution, which progressiuatyeases fromhx = §. o/8 in S1 toAX = 6, 0/32 in S3. The
domainin all cases was initialized with uniform dengigyand temperatur€, (see Tablgl2). In S1 and S2, initial fluid
velocities were set to 0. In contrast, the velocity field inv@ss initialized with the ideal energy spectriditk) o« k=/3
extending from the energy injection scéldo the numerical Kolmogorov scale= 2Ax. This initial spectrum was
normalized to ensure that at= O the total kinetic energy in the domain was equal to its jotedi steady-state value
[32]. In S1 and S2, the flow field was allowed to evolve for timeettign = 37eq, and in S3 for the timégn = 27eg, t0
develop the steady-state turbulent flow field. The corredpmninstantaneous spectral density of the specific kinetic
energy immediately prior ttg, in S1-S3 is shown in Figl]1. At the timgy, a planar laminar flame with its front
parallel to thex-y pIanQ was initialized in the domain with the values@fT, andY based on the exact laminar flame
solution. The velocity field was not modified, thereby presgy its structure that developed during the equilibration
stage.

Prior to tign, all domain boundaries were periodic. &, boundary conditions (BCs) along the left and right
z-boundaries were switched to zero-order extrapolatiorrdeioto prevent pressure build-up inside the domain and
to accommodate the resulting global fluid flow. Reflectionthefacoustic perturbations caused by such BCs can be
neglected in comparison with the acoustic noise generatéaetturbulent flow field itself, and overall such choice of
the BCs was found not to introduce any unphysical artifaststaus not to fiect the solution accuracy. Furthermore,
any potential &ect of the outflow BCs was minimized by the large length-tdttvratio of the computational domain,
which allowed the flame brush to remairfisciently far from the boundaries at all times|[11]. Hereafter simplicity
we refer to the moment of ignition as= 0.

1The longest dimension of the domain is along #kaxis.



Energy is injected into the domain with the constant egber unit volume for the total duration of the simulations
to provide steady driving of the turbulent flow. The valueafas chosen to produce a high-intensity turbulence field
that, however, was weak enough to minimize the probabifitgreating weak transonic shocklets arising from the
intermittency in turbulent flow. The characteristic turt velocities and the turbulent integral scale of the stead
state flow before the moment of ignition are listed in TabBleC&rresponding values of the Damkdhler number and
the Gibson scale, given in the table, show that « 1 andLg < &L . Prior analysis of the resulting structure of
the turbulent flame demonstrated that, despite the highilembintensity, small-scale turbulence fails to penettae
internal structure of the reaction zone, and the systenvesah the thin reaction zone regime[11].

The following two key global characteristics of the turtutilame are used extensively in this work. The width
of the turbulent flame brush is defined as

OT = Zy,max— Zo,min, (9)

wherezy min andz; max are defined as

ZO,min = max(z) : Y(X9 y» Z) < OOSV (X7 y: Z< ZO,min)» (10)
Zymax=MiN(@) : Y(X,Y,2) > 0.95VY (X, Y, Z > 71 may)-

In other words,z min marks the rightmosk-y-plane, to the left of which is pure product, whitgax marks the

leftmostx-y-plane, to the right of which is pure fuel. This is illustrdtiea Fig.[2. The turbulent flame speed is defined

as

 pol?’

wherenk is the total rate of fuel consumption inside the flame brugh, the total mass of reactants which is trans-

formed to product per unit time. The detailed discussiomizf thoice of the definition d&t can be found in [11].
Kinetic energy dissipation in the turbulent flow in the domaauses gradual heating of the fuel. The resulting

relative increase in the internal energy, and temperature of the nonreactive flow in one eddy turniwey, 74, can

be accurately estimated as|[11} 32]

St (11)

E-Eo T-To

=D —1)Maz. 12
Ero T, ky(y — 1)Mag (12)

Here the constaridx = 0.5 andE; ¢ is the thermal energy in the domairtat 0. Based on values ¢ffrom Tabld2 and
Mar from Table3,T increases by 1.8 K overreq. Consequently, by the end of the simulation, the fuel temipee

in the domain rises frorTy = 293 K to ~ 320-330 K@ As a result of such change in the thermodynamic state of
fuel, the corresponding laminar flame properties also vatly time. In particular, this concerns the instantaneous
thermal width,5, (t), and speed$, (t), of the laminar flame, which will deviate from their initi@hluess, o andS, o
corresponding to the fuel temperatdigand pressur®, (Table2).

In order to determing_ andS, in simulations S1-S3, we found at each timge[(t) andP,ye((t) averaged over all
cells located between the plarnes z max+ L andz = z; max+ 2L. This provided the average current thermodynamic
state of fuel entering the flame brush. Based gr; andP,yer, an exact laminar flame solution was constructed, which
gave the instantaneous valuesspft) andSy (). This analysis demonstrated that in the simulatiépsiecreases by
< 15%. TheS_ changes more substantially increasingby5%. Thus, in order to consider accurately the nature of
the turbulent flame speed in the high-speed turbulent reaftiws, it is important to account for the increase in the
local burning speed of the flame due to the turbulent fuelihgaConsequently, in our further analysis, we relate
to S rather thar p.

Detailed discussion of the turbulent flame evolution in timeutations is given in[[11]. Here, for completeness,
we reproduce in Fid.]3 for all three calculations the timedriss ofét, normalized by, , as well asSt, normalized
by S, (cf. Fig. 4 in [11]).

Finally, Tabld 4 lists the time-averaged values of higths, andSt /S, [11] as well as of other key characteristics
of the turbulent flame discussed below. Tdble 4 also showsdh®sponding order of self-convergence for each
guantity listed. Since the computational cell size de@easogressively by a factor of 2 for each simulation, the

2Temperature increase occurs, on average, at constantydensi



order of self-convergend®(¢) of a variablep is defined as
l$ps1 — ¢s3l ] (13)

Ole) = logz[|¢sz - ¢s3l

3. Surface area and density of the fuel mass fraction isosuates

3.1. Isosurface area

Fig.[4a,b shows the evolution of the surface arBag and Aggg Of the isosurfaces of the fuel mass fraction
Y = 0.01 andY = 0.99, respectively. All isosurfaces are constructed usiegd'tharching cubes” algorithm. These
isosurfaces represent the outer boundaries that sepaedtarne brush from pure product and pure fuel. All values are
normalized by the domain cross-sectiohcorresponding to the surface area of the planar laminar flaxperturbed
by turbulence. In principle, the normalization should b&f@ened over some average surface area of the flame brush,
thus reflecting its overall large-scale shape. Witkfisient accuracy, however, the turbulent flame in the system
considered here can be viewed, on average, as a planar ptggigont, and thus we normalize over its at&a

Fig.[da shows tha#go; exhibits substantial variability, similar #® andSt (cf. Fig.[3). There is a clear corre-
spondence between the peaks and troughfs ef andSt and, to a lesser extent;. Moreover, in a manner similar
to 61 andSt, Agp1 varies less with increasing resolution, and it appears era@e to have converged.

Such correlation betweefy o; andSt reflects the evolutionary cycle of the flame brush, discuss§tl]. In the
turbulent flame, which on average is in a steady state, thexiofl fresh fuel and the rate of its consumption never
perfectly balance each other. Instead, periodically eitime or the other process dominates. In particular, anasere
in the flame surface area inside the brush, and the assoaiatedse irst, leads to a higheBr. This causes rapid
consumption of fuel inside the brush, decreasing both tinedflsurface area and the overall width of the flame brush.
The result is a slower, less convolved flame, which is thusersasceptible to the action of turbulence. This leads to
increased folding and stretching of the flame, and the cygeats.

The behavior oA g9 is pronouncedly dferent. There appears to be no correlation between varsaiiofg gg
and eithewt or St. Moreover, with increasing resolution, the magnitude efvhriations increases, and there is no
evidence of convergence of the growing average value& gf. We will consider the correlation betweéwy and
bothSt andst in a more quantitative form i 4.

These conclusions regarding the chang@gf; andAg g¢ With resolution are supported by Fid. 4e, which shows
the full normalized time-averaged distributiofg/L? for all values ofY. In simulation S1Ag 01 andAg g are nearly
equal. With increasing resolution, however, they diveagde point that, in S3, there is almost a factor of 2atence
between them. Values @01 steadily decrease with resolution and they indeed demaiestonvergence. At the
same time Aq 9o increases with resolution, and thdfdience between S2 and S3 is only marginally smaller than
between S1 and S2.

This behavior is part of a broader qualitative change in therall shape of the distribution gy that occurs
aroundY ~ 0.5, i.e., at the boundary of the reaction and preheat zones|oler resolution of S1 suppresses small-
scale turbulent motions, which, in turn, causes less wingkbf the isosurfaces in the preheat zone. As a result, the
flame-brush surface appears similar both on the productaeldsides (cf. Fig. 3 in_[11]). With higher resolution,
however, isosurface wrinkling becomes more pronouncel initreasing distance from the reaction zone, and the
distribution of Ay develops a distinctive inverted-S shape, as seen ir_ FigTde consequence of this was observed
in [11], which reported a much more highly convolved flameastrsurface on the fuel side in calculations S2 and S3.
We will discuss the role of small-scale turbulence in furtthetail in § 3.4.

Profiles ofAy in S2 and S3 are closer to each other in the reaction zonerhhe preheat zone (Figl 4e). Table 4
shows that in the region of peak reaction rate, i.eY at 0.15, Ay/L? exhibits the %'-order convergence. This
is substantially faster than what would be expected for aralv2'%-order-accurate code. Moreover, in all three
calculations Ay varies the slowest inside the reaction zone, i.e..Yfoe 0.15- 0.6. This shows that isosurfaces
of Y, on average, follow each other relatively closely withie tleaction zone, which thus can be viewed as being
uniformly folded and stretched by turbulence as a cohetemttsire. This is consistent with the very low variability
in the reaction zone of the instantaneous profileg ahdT, which represent the internal flame structure [11].



3.2. Isosurface density

The analysis of the isosurface area distribution does rm ¢tow the flame is organized inside the flame brush
and, in particular, how tightly it is packed. More specifigathe question arises whether variations in the isoserfac
area seen in Fidll4a,b can be accounted for only by the chartge turbulent flame thickness, or whether they are
also related to how the flame is folded inside the flame brush.

Consider the surface density of the fuel mass fraction ifases, defined as the isosurface area for a gien
normalized by theféective flame-brush volume,

Ay

Ty = —".
Y rL2

(14)

A detailed discussion of this definition &f, and, in particular, of the choice of the uniform normaliratby the full
flame-brush volume is given A.

The evolution o001 andZq g9 is shown in Figlic,d. The overall trends are similar to thedgbited byAq o1 and
Ao.go. In particular Xy is lower on the product side of the flame. SimilarAg, Ty rapidly converges with resolution
at lower values ofy and shows virtually no convergence in the preheat zone. Mugsbrtant, there is substantial
variability in Xy, especially on the fuel side, whelg changes by more than a factor of 3 in the highest resolution
case. This tighter packing of the isosurfaces, which ocpar®dically in the course of system evolution, suggests
that the increase iAy is associated not only with the increasesgfbut also ofEy.

Fig.[4f shows the time-averaged distributionggfin simulations S1-S3. Comparison with Hig. 4e demonstrates
that bothAy/L2 andZy show remarkably similar behavior. The time-averaged \shfe&y are also not constant,
but, instead, for dticiently high numerical resolution, they progressivelyrgase through the flame interior from its
product side to the fuel side. The resulting inverted-S staffthe profiles is very similar to that @, with both Ay
andZy at the two extreme values of (Y = 0.01 and 099) differing in S3 by almost a factor of two. Furthermore,
similar toAy, Ty varies the least in the interior of the reaction zone, ia.Yf~ 0.15— 0.6, while outside this region it
shows a strong dependenceYonJust outside the reaction zone, individual profiles begiditerge from each other,
with the variation between them becoming progressivelydafor higher values of.

In the reaction zone, values Bf, for all three calculations are much closer than thoséf In fact, Tabld %
shows thaly exhibits 4"-order convergence compared with-®rder convergence foky. As a result, values dfy
are virtually identical forY ~ 0.01—- 0.4 in S2 and S3. On the other hand, in the preheat zone, thegsrofity
diverge more than in the case A&§. This shows that thefiects of small-scale turbulent motions on the reaction and
the preheat zones are, in fact, even more disparate in tdrtheipability to provide tight folding of the isosurfaces,
compared with their ability to increase the isosurface area

Flame surface density is a quantity used both in experinhanththeoretical combustion research. In particular,
Ymax is defined as the surface density in the region of the flamehbwith mean reactedness= 0.5, wherec =
(T = To)/(Tp — Tp) andTp is the post-flame temperature. It can then be shownlthat [3]

Aus

, 15
STA (15)

Zmax =

whereA( . is the flame surface area basedws 0.5, andA| represents the average area of the flame brush. In a
system described by the one-step Arrhenius kinetics, 0.5 corresponds t& = 0.5. Therefore Ay, = Ags. At
the same time, in a planar brush = L2, as was discussed §3.1. ThusXmaxis equivalent tays as given by
eq. [I4). It is reasonable then to compare valueEqgfin simulations S1-S3 with those &,ax obtained in other
experimental and numerical settings. In particular, in%3,= 0.73 mnT. This is comparable to the range of values
of Zmax ~ 0.12— 0.6 mnT?! obtained in a number of experimental studies using a widetyaof flame configurations
(seel[3] for a summary table). The fact that the value in S8nsesvhat larger is not surprising, given that the turbulent
intensity in it is substantially higher than in the experirtse

Overall, however, the traditional definition &f[3] is not equivalent to the definition &y used here unless
Y = 0.5. Therefore, unlik&mayx Zo5 is Not necessarily the maximum valueXf for all values ofY. Fig.[4f shows
that while in S13g;5 is indeed approximately the largest value, this is not thee ¢a S2 and S3. Nonetheless, in all
three calculationss is representative of the valuesof throughout the reaction zone with theéfdrence between

8



Y05 andZg 15 being~6-9% in the higher-resolution cases.

3.3. Relation betweenv/andXy

Fig.[  shows the relation between the isosurface area arsltgém three key regions of the flame: the peak
reaction rateY = 0.15), the boundary of the preheat and reaction zoles (0.5), and the coldest region of the
preheat zoneY = 0.95). A pronounced linear correlation betwe&yy L? andXy exists throughout the flame interior.
This demonstrates that at all valuesYgfan increase of\y is greatly influenced by the associated tighter packing of
the isosurfaces inside the flame brush.

With increasingY the averagé\y/L2 andZy become larger, as was seen in [i. 4e,f, due to the overélloghi
the distributions toward larger values of both/L? andXy. Note also a slight increase both in the scatter of the
distribution and the slope of its least squares fit at highérhus, isosurfaces of higher fuel-mass fractions are itidee
consistently more tightly packed than at lowérThis is in agreement with the observation that the flameaserfs
wrinkled on finer scales on the fuel side than on the proddet di1].

3.4. Distributions ofAy andZy and the gects of small-scale turbulence

How do these results concerning the distribution&pindZy, shown in Fig[4e,f, relate to previous conclusions
[11] regarding the inability of the turbulent cascade togdeste the flame interior and the role of small-scale tumtule
motions? As was discussed§iP.1 (also see [11] for further details), the progressivedase in resolution from S1
to S3 extends the turbulent cascade to smaller scales, srdats to a substantial increase in the energy of turbulent
motions on scales < §._ in nonreactive turbulence. This increase in resolution feasd to cause the flame surface
on the fuel side to be wrinkled on progressively finer scalds)e remaining virtually unchanged on the product
side. Furthermore, it was determined that the deviatiorhefihternal turbulent flame structure from that of the
planar laminar flame increases with decreasing tempetrafinese two results showed that tieeets of small-scale
turbulent motions are most pronounced in the coldest pattseopreheat zone. With increasing temperature, these
effects diminish and they completely disappear once the mraciie becomes significant [11].

The results presented above are consistent with this pictlihe steady growth ofy/L? andXy on the fuel
side of the preheat zone with increasing resolution shoasrttore intense small-scale motions are indeed present
there, folding isosurfaces on progressively finer scalesuist be emphasized that the changéjnalone does not
necessarily mean that it is caused by finer wrinkling on senatales. Only when viewed in conjunction with the
surface density, which shows a very similar dependencé dioes such increase Ay serve as a strong indication of
the small-scale wrinkling.

With increasing temperature, not only @g/L? andXy decrease rapidly, but also profiles for S2 and S3 begin
to approach each other. This means that the mdiardnce between these two simulations, namely the presénce o
more energetic small-scale turbulence in S3, is being phted and, thereby, motions on scales 6, are gradually
suppressed. Since it is these small scales that enhancéftheve transport, which in turn broadens the preheat zone,
their suppression causes the internal flame structure tmaglp that of the planar laminar flame|[11].

As the reaction rate becomes substantia¥ a€ 0.5, bothAy/L2 andZy become similar in S2 and S3. This
suggests that, at this point, only scaleg, 5. remain energetic. Indeed, these scales are originallyaime $n both
calculations (cf. Fid.11). Consequently, they generatélairisosurface areas and densities. Since these scalestcan
support small-scale flusive transport, any broadening of the internal flame streatfectively disappears &t < 0.5
[11]. Further decrease iAy/L2 andXy is the consequence of the continued suppression of thegssigely larger
scalest > ¢,.

There is one important distinction between the distrimgiof Ay/L? andZy and the time-averaged profiles 6f
andT, which represent the internal flame structure [11]. WhandT profiles showed very little variation between
simulations S1-S3 not only in the reaction zone, but alsbémpreheat zone. This is in contrast with the distributions
Ay/L2 andZy, which differ substantially in the preheat zone even between S2 andu8B.d&screpancy suggests that
small scalesq < ¢, contribute diferently to the turbulent élusive transport and to the wrinkling of the isosurfaces.
The former is primarily governed by the largest of these satalles, i.e., scales not much smaller thagysince these
scales are associated with the highest velocities. Th@grentained on these scales is close in all three simukation
and, thus, they produce the same structure of the broadeabdai zone. At the same time, all scales smaller than
6L contribute to the isosurface wrinkling, and théfelient energy content of these scales causes the distribudfo
Ay/L2 andZy to differ substantially in the preheat zone.
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Qualitatively, both the internal flame structure descritvefd.1] and the distributions o&y andZy presented here
create a consistent picture of the transformation thatdarite undergoes as it passes through the flame. Changes
in the energy budget betweenffdrent scales, which are most certainly accompanied by thelafgment of both
anisotropy and inhomogeneity of the velocity field, are ctexp While the evidence presented here and._in [11]
provide hints about the nature of this transformation, it remain unknown. For instance, are the energy release
and the resulting fluid expansion the onljeets responsible for altering the turbulent field and reithisting energy
between dierent scales? What are the relative contributions of varssnall scales to the increaseAp andXy?

How does the shift in balance between small and large scatlesnereasing temperature change dfatient turbulent
intensities? All of these questions need to be addressedtirefstudies.

4. What is the flame surface area?

In the wrinkled and corrugated flamelet regimes, in which@yis typically applicable, the flow is laminar on
scalesi < 6. As a result, isosurfaces offthrent values ol are parallel to each other, the flame is folded by
turbulence as a coherent structure, and, therefore, it heslladefined surface are&r. Consequently, the stretch
factor| has a unique value at each moment in time, and so it directiwsthow much of the increase 8f can be
ascribed to the increase Af.

In contrast, in the thin reaction zone regime discussed, mesalts presented i3 demonstrate that the flame,
folded inside the flame brush by high-intensity turbulernaes a complex internal structure. The various parts of the
flame have distinctly dierent responses of its various parts to the action of tunogle Consider, by analogy with
eqg. [1), the factoty, which relates the increase of the turbulent flame speetivelta its planar laminar value to the
increase oAy rather thamr, s A

T Y
s - ly 2 (16)
In this case, unlike, |y is a function ofY. In particular, based on the data shown in Elgy4can vary by as much as
a factor of 4 depending on the choiceYfAs a result, values df, close to and substantially larger than unity can be
found in diferent regions of the flame.

This shows that before we can answer the question whethebervedst can be accounted for by the increase
in the flame surface area, we must first determine what thesiarien such high-speed turbulent flows, and whether
such a concept is even applicable in this regime. In pagicwhat value ofY fully and accurately represents the
overall behavior of the turbulent flame? We address thesstigns by considering the correlation A§ with two
global properties of the turbulent flame, its speed and width

4.1. Relation betweenyfand S;

Fig.[@ shows correlations betwe8r /S andAy/L? calculated for the same three representative valu¥sasfin
Fig.[d, namelyy = 0.15, corresponding to the region of peak reaction réte, 0.5, corresponding to the boundary
between the reaction and the preheat zonesyYaad.95, corresponding to the coldest part of the preheat zorfé. Le
panels of Figl[ b show the time-evolution of all quantitiesd dhe right panels show the corresponding correlation
scatter plots.

Since both the local flame speed and the induction time of teitned fuel have finite values, there must exist
a delay in the response &f to the changes in the flame configuration, represented byrézes af its isosurfaces.
Therefore, the degree of correlation betw&nandAy is a function of a time lagAt, between these two quantities.
For each value o¥ in Fig.[6, we determined the time lagf, that produced the best correlation. This was done
by directly calculating the cross-correlation betweki(t)/S. and Ay(t)/L? and finding its maximum. The value
obtained forAt, was verified by determining the least squares fit for the iblision of St(t)/S. vs. Ay(t — At')/L?
and by findingAt, that maximized the slope of the fit and minimized its residu@ihe values ofy/L? in Fig.[d were
then shifted in time with respect 81 /S by the corresponding time lafit. given in the lower right corner of the
panels (a), (c), and (e).

The first key conclusion emerging from FIg. 6 is ti&t and Ay become progressively less correlated with in-
creasingY. While the correlation is pronounced throughout the reactione and is exceptionally strong near the
peak reaction rat&st andAy are only very weakly correlated in the colder parts of thénpet zone. Note that panels
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(b), (d), and (f) have the same scale, which shows the relatirease in the scatter of the distribution and its overall
shift to higher values of\y in the preheat zone.

The time delays that give the best correlation between tbegtvantities are positive, and thus they show tat
does indeed lag behint,. Moreover, the magnitude dft; increases with increasing. Qualitatively, this agrees
with the fact thatSt at any given moment is primarily determined by the regiornhef lhighest reaction rate, which
corresponds to the values ¥fclose to 0.15. Consequently, the time delay betw&eand the area of the isosurface
representing the peak reaction rate is close to zero, natm@ly.q. Since turbulence reorganizes the flame on a
timescale~ ¢4, Such a small lag is too short for the flame structure to chémgay significant way. Therefore, the
correlation betweeAg 15 andSt is very strong.

At the same time, since the reaction rate is fairly lowrat 0.5, the contribution of this region to the overall
turbulent flame speed is small. Burning still needs to acatdesubstantially in this area in order for it to become the
new region of peak reaction rate, which will then predomthyadietermine the magnitude &r. The time required
for this to occur results in a longer time delay, namely18.4. During this time, however, turbulence is able to change
the flame structure more strongly than in the cas¥ ef0.15. As a result, the degree of correlation betwéggand
St decreases.

In the coldest regions of the preheat zone, there is no @tizalbetweerst andAg g5 at small values oAt.. We
found evidence of weak correlation for a much larger timagal, = 0.61r.q. This value, however, is comparable
to the time during which the turbulence completely reorgasithe structure of the turbulent flame. Therefore, by
the time burning reaches the reactants in the outer regidhe @reheat zone, the connection between their original
distribution and the resulting turbulent flame speed isificantly disrupted.

We also found weak correlation betweAggs and Ag 15 with the time lag forAggs beingAt; = 0.56r¢4 and the
slope of the least squares fit a#9078 This weak correlation betweely 15 andAg gs is consistent with a similarly
weak correlation betweeBr andAg g5 found at a comparable time lag. In particular, it reflectsfdwe that after the
time ~ 0.67¢q, burning reaches the outer part of the preheat zone. As i, rsformerY = 0.95 region becomes the
newY = 0.15 region and thus the new site of the peak reaction rate wiiehdetermine$y. Substantial change in
the flame-brush structure during this time, however, aggads only to weak correlation betwegys andAg gs.

In order to verify this physical meaning of the obtained tidedays, values oAt. can be compared with the
characteristic induction timerng, in the planar laminar flame. The,q is the time for a fluid element to reach the
peak reaction rate starting at some initial temperatureguijvalently, fuel mass fraction. In reactive mixtureshwit
large activation energies, such ag-&lr considered here;nq is also approximately the time necessary to reach the
post-flame temperaturép [3€].

Therihg can be calculated using the velocity distributldn(x) in the exact planar laminar flame solution as

x(Y*) dX
(YY) = - 17
ta(Y') fm TRC T (17)

HereU,, is the fuel velocity at infinityY” is the initial fuel mass fraction of the fluid element, aidis the fuel mass
fraction corresponding to the peak reaction rate. Instadhaintain consistency with the numerical simulations, we
computedrig directly by solving the full time-dependent reactive Nav$tokes equation§](3[4(8) on a uniform 1D
grid with the same numerical integration method used fo631§ [2.1). The flame was initialized as a discontinuity
with the fuel and product temperature and density equdlgtgoo and Tpo, ppo, respectively, given in Tablel 2.
Constant pressurBy and zero velocity were set throughout the domain. We intteduan additional advection
equation describing a scalathat was not subject to filusion or reactions and was only advected with the flow. After
the steady-state structure of the flame had been establistiegicomputational domaig,was set to unity in one cell
corresponding to the desired initiél or, equivalentlyy’, and to zero everywhere else. As the system evolved, the
fluid element marked with the scalamoved through the flame and burned. The time it took this flledhent to
reach peak reaction rate, i.¥.= 0.15, gaveri,a(Y)[

3In contrast, we were unable to find any statistically sigaificcorrelation or anticorrelation betweEg;s andZq g5 at any time lag.

4The distribution of would spread with time over several cells due to numerid&lision. To compensate for this, we used very high resolution,
namelyAx = 6 /128, which is much larger than the resolution necessary t@mhln accurate laminar flame solution, i.e., typically= 6, o/4
[32]. As aresult, the distribution @fwas found to spread over the range of value¥ wifith the full width at half maximum equal taY ~ 0.05. We
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Using this procedure, we found that for a planar laminar flame

Tind & 0.277¢q = 2.46At;, forY = 0.5, (18)
Tind & 1.297¢q = 2.12At;, forY = 0.95

When turbulent heating of the fuel is taken into account 84)), i.e., when the fuel temperature in this calculation
is increased to 320 K fronty = 293 K while maintaining constant density, these values ofinq decrease by

~ 20— 25%. Further details and, in particular, the full distribas of rjnq throughout the flame for these two fuel
temperatures, can be foundin Appendik B.

The calculated time lags are, therefore, within a factoebf the corresponding values afq4, which, given the
statistical nature oAt is reasonable agreement. This shows that the correlatiendelays for the distributions of
St/St andAy/L? in the turbulent flame can indeed be associated with the timutimes necessary for the burning
to accelerate in regions with higher reactant concentratio

The values ofAt, however, are substantially lower than the characteqistipagation time of the laminar flame,

0 L
75 = % = %O g = 375w (19)
where we used the values bfandU given in TabldB. Even fo¥ = 0.95, At = 0.61rq ~ (1/6)7s5. Furthermore,
this At. is an order of magnitude smaller than the timé7&, o/S, o ~ 6.37eq, Which is necessary for the flame to
propagate over the characteristic distan@¥d, o separating’ = 0.95 andY = 0.15 in the laminar flame structure
(cf. Fig. 7 in [11]).
A good analytical estimate foit. throughout the reaction zone can be obtained using the ssiprefor the

adiabatic induction time [36], o /
Tina(Y) = (quo'Y’ )( RQT )eXp(R(?r' ) (20)

whereT’ andp’ for a givenY’ are determined based on the exact planar laminar flame®w|/atnd the values d3,
g, andQ are given in TablgJ2. In particular, at the fuel temperafityand densityy,

784 ~ 0.05r¢q ~ 1.25At;, forY = 0.15, 1)
184~ 0211 ~ 1.91AL,, forY =0.5.
Using the specific heat at constant volu@e= R/M(y — 1) instead ofC;, in eq. [20), i.e., assuming that burning
occurs at constant volume rather than at constant pressotdd decrease the values ff, by ~ 15% to Q04req
and 018req, respectively. This shows that, even thougfj is typically applicable in the context of an autoignition
process rather than propagation of a flameYfer 0.5 it provides a somewhat better approximation to the catedla
value ofAt. thantiyg given in eq.[(IB). Further details, including thiéeets of turbulent fuel heating ar,,, are given
inAppendix B.

Finally, in addition to the strong correlation between th&es ofSt andAg 15, the distribution shown in Fidl] 6b
has another important property that is not present at highkeres ofY. The linear least squares fit for the case
Y = 0.15, shown with a solid line in Fil] 6b, has the form

St Ao1s
— =1.17—— - 0.08. 22
5 °22 - 008 (22)

For Ag15/L? = 1, this expression giveSt/S, = 1.09. This demonstrates that as the flame becomes less codyolve
i.e., asAg1s/L? — 1, it behaves progressively more like a planar laminar flarmihvis manifested irst — S.
Linear least squares fits for the two other value¥ o$hown in Fig[[6d,f, do not recover the valuef/S, = 1 as
Ay/L% - 1.

assumed that the position of the fluid element being trackesimarked by the maximum of this distribution. A convergestcely with increased
resolution, which causeglto be distributed over progressively narrower rang¥,ofias used to verify that the obtained values;ig§ were indeed
accurate.
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4.2. Relation betweenv/andor

Next consider the correlation &y with the second key global characteristic of the turbuleann#, namely its
width, 6t. Fig.[7 shows the correlation betweég/L? anddt/L for the same three values ¥fas in Fig[@ The
distribution ofs7/L as a function ofAy/L? shows the same trend observed $a1/S.. In particular, the correlation
between the two quantities is also the strongestyfetr 0.15 and decreases with increasivig The values of+/L
andAq g5 appear to be almost completely uncorrelated. Note, howthetrthe correlation in the reaction zone, and,
in particular, in the region of peak reaction rate, is wed&ebtt thanSt, with the distributions obr having a much
larger scatter.

In order to illustrate the relation between the three keyntjtias characterizing the instantaneous flame-brush
structure, namelfy, 61, andZy, each data point in Fif] 7 is colored according to the comedjng value oty (cf.
Fig.[H). At lowerY, the increase of the isosurface area is associated boththeitincrease in the overall extent of
the flame brush and with tighter packing of the isosurfacegth WcreasingyY, however, the correlation ofy/L?
with 6t /L decreases while remaining quite pronounced WwithThis shows that the area of the isosurfaces of higher
Y changes primarily only due to their wrinkling on progres$jvsmaller scales, as discussed {# (also see [11]).
Indeedgr is determined predominantly by the flame folding on the largeales. Consequently, the weak correlation
betweemy andst at highY demonstrates that the increase of the areas of these isossidannot be associated with
such large-scale wrinkling. Instead, this increase mustdreslated primarily into tighter packing of the isosudac
causingAy to be correlated witixy.

5. What determinesSy in the thin reaction zone regime?

5.1. Can S be explained by the increase in the flame surface area?

The strong correlation ofg 15 with St anddt, which represent both the global energetics and the glohaitare
of the turbulent flame, show that, in the thin reaction zorggme, isosurfaces of close to the peak reaction rate
accurately characterize the overall evolution of the tlebuflame. Consequently, for the reactive mixture congider
here, the flame surface ares,, and densityXt, are represented by the isosurfacérof 0.15.

This conclusion is further supported by the limiting beloawaf the distribution o5+ /S, , which approaches unity
asAg15/L? — 1. In contrast, a¥ = 0.5, St/S, becomes progressively less thags/L? at smaller isosurface areas.
Furthermore, a¥ = 0.95, almost all values o®1/S, lie below theSt/S, = Aggs/L? line, and they become almost
half of Aggs/L? at larger isosurface areas. lle = 1 reactive mixtures, there are no mechanisms that can ldwer t
local flame speed belo®, , which would be necessary to produce valueSefS, lower than the increase of the
flame surface area. Consequently, such properties of tivéoditons of St/S, confirm that isosurfaces of high#r
cannot represent the flame surface.

With this definition of the surface area of the turbulent flamve can now revisit the question of the relation
betweenAr and the speed of the turbulent flame in the thin reaction zegene. This relation can be represented
by eq. [I6) in whichy = 0.15, similarly to eq.[{lL) applicable in the wrinkled and caated flamelet regim&.
Fig.[8 shows the ratity 15 = (St/SL)/(Ao1s/L?) for the distribution given in Fid.J6b. Time-averaged vallgs =
(St/SL)/(Ao.15/L2) for all three calculations are listed in Tablé 4n particular,l_o,lg, = 1.14in S3, and this value can
be viewed as converged to within a few percent with a fastan timear rate of convergence.

These results lead to the following two key conclusions:

1. In the thin reaction zone regime, the instantaneous kembflame speed is also primarily determined by the
increase of the flame surface area.

5Since bothAy andst represent the same instantaneous configuration of the fleorteane delay between them is expected. Consequently, no
time shift was applied to either quantity in Fig. 7. As a cheubwever, we verified that indeed the cross-correlationitsagiaximum at the zero
time lag.

SIn light of the fact thatSt and Ay are best correlated whey is shifted in time with respect t8t, the question arises whether such a time
shift should also be applied in ef.{16). In principle, aruangnt could be made that, due to the inherent delay in themespfSt to the changes
in the flame structure, the current valueSaf is the result ofAy that existed earlier in time and, thus, this earlier valuesing used to assess the
relation betweerst andAy. At the same time, as was shown, the timeAdgis extremely small foly = 0.15. During this time, the change in the
value ofAy is negligible and applying the time shift in ef1. 116) doescamise any appreciable change in the result.

7Using instead the expressidfis = (St/S.)/(Ao15/L2) gives virtually the same result.
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2. In addition, in the course of system evoluti®j, periodically exhibits an exaggerated response to the éisere
in Ar. For the system size and turbulence intensity considenes] thés excess burning velocity can become as
high as 30% ofAy/L2.

This exaggerated response in simulation S3 is representedlbes oflgis > 1 in Fig.[8 and is illustrated in
Fig.[6a,b as the shaded gray area. Such a substantial devitio 15 from unity brings up the following question:
what mechanism is responsible for raistag beyond what can be attributed to the increas&fi

5.2. Potential causes of the excess valuesiof S

As was discussed if [, Damkdhler's concept[[1] implies that the burning vetpaf a turbulent flame in the
presence of diiciently intense turbulence is determined by two processeisikling of the flame surface by large-
scale turbulent motions increasiAg, and the enhancement of the local flame spg&ehly the small-scale turbulence
providing stronger dfusive transport. While the simulations show that tifee of large-scale turbulence is indeed
present and has a dominaffiieet onSt, can the observed excess valueS¢hbe ascribed to the action of small-scale
motions?

Consider the following important characteristic exhiditgy the distribution ofg ;5. Along with I 15 substantially
larger than one, the system also periodically developsegatflg s within only a few percent of unity, which is
comparable to the uncertainty in estimating the instamtasd, 15 and, thus)q 15 (see also Fig.l6a). This shows that
at those instances whégys ~ 1, Sy at all points of the flame surface must be almost identic8, toConsequently,
the small-scale turbulence entering the flame, if it wereally determiningS,, would have to periodically undergo
transitions between almost complete suppression, Mg~ 1 andS, ~ S., and significant enhancement, when
lo.15 becomes as high as3l

While we are unaware of any potential mechanisms that caudesuch periodic complete suppression of small-
scale turbulence in the cold fuel, our analysis also doesotv any changes in the state of turbulence that could
serve as a manifestation of such suppression. In order &rdiete whether there exists a connection between the
instantaneous turbulent field in the domain and the regultimrning speed, we have analyzed the correlation of
several turbulence characteristics with b8thandlg1s. In particular, we considered the total r.m.s. velocityhie t
domain. Furthermore, to characterize turbulence insiddléime brush and in the fuel entering it, we also considered
individual components of velocity;, as well as kinetic energy,§pu?, averaged over the volume of the flame brush
and the cubic region of size located in the fuel immediately ahead of it. We were not ablértd virtually any
correlation between any of these quantities and eiByeor lg15. As an example, Fid.]9 shows the representative
correlation scatter plot df, 15 as a function of the normalizedcomponent of kinetic energiix x = (pu)z()/(poUlz)
volume-averaged over the region discussed above. Sipt@rthe case of the distribution f 15 vs. Ag1s/L? in
Fig.[8, the increasing trend seen in the least squares fib iméak to determine its statistical significance based on the
available data.

These considerations suggest that the enhancem&qtafer S, by turbulent transport does not provide a plau-
sible explanation of the excess valuesSsgfperiodically developed by the flow. Consequently, #etent mechanism
must augment thefiect of the increased.

Instead of being the result of a uniform global increasg&pthroughout the flame brush, accelerated burning can
be caused by a significant increaseSinin isolated regions of the flame surface. In those regionsehier,S,, must
be much larger tha8, in order to significantly raise the overall burning speecdhefturbulent flame.

Such local enhancement 8f, cannot be caused by the local inhomogeneities in the theynaodic state of the
fuellf In particular, in a subsonic turbulent flow, such as the onesictered here, with the turbulent Mach number
Mar substantially less than unity (see Table 2), local vanwtiof density or temperature are much too smallffec
Sn in any appreciable way. For instance, it requires an inered$uel temperature of over 150 K to doul3g. We
do not observe temperature fluctuations of such magnituttesifiow.

Sn can also be increased by the substantially higher localitenige intensity associated with intermittency. While
we do observe intermittency in the flow field in our simulaipregions of large velocity enhancement are statistically
too rare, their spatial extent is too small, and they are ntaolshort lived to increas8, and, thus, to make any

8The increase o8, due to the global fuel heating by turbulence was taken intowaat inS, , as discussed 2.2
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significant contribution to the overall increaseSp. Potential &ects of turbulence intermittency on the flame have
been studied by Pan et al. [37] in the context of the Rayl8igyior-driven thermonuclear flames in the interior of
a white dwarf during a Type la supernova explosion. Theinltssuggested the possibility that intermittency in the
velocity field could locally disrupt and broaden the flamejchipotentially would increase the local burning speed. It
is notimmediately clear, however, to what degree their kesians apply to the system discussed here. The conditions
in the white dwarf interior considered in_[37] are substalhtidifferent from those in S1-S3. Moreover, their analysis
did not consider any feedback of the flame on the turbulerd iad, in particular, it did not include fluid expansion
due to heat release which invariabljects intermittency of the flow. At the same time, the role ¢éimittency in
the dynamics of turbulent flames does require further inyatbn. In particular, it would be important to extend
the analysis of Pan et al. [37] by including the feedback efftame on turbulence under conditions characteristic of
chemical rather than thermonuclear flames.

Instead, we suggest that significant local increas8radoes indeed take place in the turbulent flame due to the
flame collisions resulting in the creation of regions of Eftame curvature. We discuss this process next.

6. Accelerated burning caused by flame collisions

6.1. Local increase of Sin cusps

According to the theory of flame stretch (see [7] for a reviemhenLe = 1, the flame is notféected significantly
[3€] either by flow-induced strain or curvature. In partenla stationary spherical flame supported by a point source
of mass, which is an example of a curved unstrained flame,hadernal structure, and thus local burning velocity,
identical to that of a planar laminar flame [7]. Such analys@wvever, is typically carried out for a flame with the
curvature radius; > 6. Using the physical model and the Athena-RFX code desciib&@.1, we also performed
simulations of an idealized spherical and cylindrical flapnepagating inward into the stationary fuel. The results
of these simulations are, in fact, consistent with the thediurthermore, they show th&, = S, not only when
re > 6., but up until the moment when the flame curvature becoatgs, , i.e., until the flame £ectively collapses
onto itself. At this pointS, increases substantially. Beyond this moment, howevef|ahee itself éfectively ceases
to exist and, therefore, the local flame speed looses its imgaBuch an idealized situation is not representative of
the conditions arising in an actual turbulent flame. Nonleis regions of large flame curvaturé/s, are frequently
created in the high-speed turbulent flow considered he tfay naturally provide a mechanism for a significant
local enhancement &;.

The results presented §f8 showed that intense turbulence causes tight folding ackipgof the flame inside the
flame brush. Consider the inverse of the surface densitygwikia measure of an average separation between surface
elements. Given thay15 = 0.67 mnt! in simulation S3, the average distance between individaaiél sheets is
1/3015 ~ 1.49 mm= 4.76.. At the same timeX 15 can be as high as®@ mnt?! (Fig.[Ba), resulting in an even lower
separation ok 3.25_. This is comparable to the full flame width ~ 25, (cf. Fig. 7 in [11]). Such tightly folded
flame configurations invariably result in frequent collissoof individual flame sheets.

Fig.[I0 gives an example of such collision in S3. The figureaghthe flame-brush structure at three times:
11.86req (Uupper panel), as well asB¢q = 3 us and 2req = 6 us later (middle and lower panels, respectively).
Initially, a region with a highly convolved flame developdiire flame brush (region A). At this tim&,, ~ S, locally
throughout region A and changes in the flame configurationtdwself-propagation can be neglected on timescales
considered in Fig.10. As turbulent motions continue todpidividual flame sheets closer to each other, the curvature
radius of the flame becomes closesto and the preheat zones begin to overlap substantially ovextnded region
of the flame surface. This marks the formation of two regiohkigh flame curvature- 1/6,. (regions B), which
we will refer to as “cusps.” Regions C in the lower panel shhatt3us later, the flame sheets have merged and
formed two extended reaction zones, which suggests suiadaaccelerated burning in that area of the flame brush.
Note also a rapid decrease of the area of¥the 0.5 isosurface represented with the thin black line. Comparaf
regions B and C shows that this isosurface propagated ogeafistance: 0.5 mm over the time as, which implies
the propagation speed (but not the local burning spedif§S, . During the time shown in Fig._10, two other highly
elongated regions of flame collision have formed near theufaze of the domain. Thus, Fig.10 illustrates that flame
collisions are ubiquitous in the turbulent flame, and thepdmuce regions of large flame curvature. Moreover, their
evolution in Fig[1D suggests substantial increase of bwthdcal burning and propagation speeds in the cusps.
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Quialitatively, two diferent channels of cusp formation can be identified. Theyteoais schematically in Fig.11.

In the first case, turbulent motions on a certain scalith velocity U, stretch and fold the flame. As a result, a
narrow elongated structure is formed. When two flame shekdstiwely collide, the curvature of the flame surface
becomes- 1/6. and the cusp is formed with a characteristic length 2. We will refer to this channel as “local
flame collisions,” since the cusp is formed by flame regionated close to each other both in 3D space and along the
flame surface. In the second case, turbulent motions folflalvee on a larger scale, thus not increasing its curvature
substantially. Two cusps are formed when two smoothly aliflEme sheets collide. We will refer to this channel
as “nonlocal flame collisions,” since the colliding flameigeg can be located far from each other along the flame
surface and they can, therefore, originate froffiedent regions of the flame brush. In this case, the charatiteri
length of the resulting cush,, can be significantly smaller than the scalgof the motion that produced the cusp.

In an actual turbulent flame, cusps are often created undeatmbined action of these two channels, an example
of which is seen in Fid.-10. Region A is initially formed by theme surface being stretched and folded on a large
scale, as in Fig_11b. At the same time, smaller scale mofmdshe flame surface locally, as in Flg.J11a, forming
smaller cusps seen in regions B.

While both local and nonlocal flame collisions are equivalenerms of the resulting cusp properties, thefjeti
in one important respect. In the first case, curvature of tradlsurface at a specific point increases gradually until
it becomes large marking the formation of a cusp. In the se@ase, the curvature remains small at all points of
the flame surface until the actual moment of collision whea flame sheets merge and the region of large flame
curvature is abruptly formed. These distinctive charasties of the two processes will be important for the analysi
of their relative diciency to form cusps at a given turbulent intensity and systize.

6.2. Structure and properties of cusps

Formation of cusps (or “folds”) by the wrinkled flame in a tuként flow was first suggested by Karlovitz et
al.[39] (also see discussion in [40]). Their dynamical nobes first considered by Zel'dovich [41] (also see [42]), who
suggested them as a mechanism of flame stabilization thetsethe unbounded exponential growth of the flame
surface under the action of the Landau-Darrieus instglj#i€]. Such regions of large curvature would have a high
propagation velocity, causing rapid annealing of the flanréase, and thus would provide affieient mechanism to
counterbalance flame instability [41]. It must be noted tiah Karlovitz et all[39] and Zel'dovich [41] assumed that
cusps form due to the self-propagation of a wrinkled flaméaserfollowing the Huygens principle, rather than as a
result of flame collisions by turbulence.

It was suggested early on both by Lewis and von Elbe [40] alid&ech [41] that, due to the focusing of the heat
flux into fuel, S, ceases to be equal 8 near the tip of the cusp, and the cusp region develops asteusimilar to
the tip of the Bunsen flame. The flamelinl[39, 140,/41, 42], howevas considered to be a gasdynamic discontinuity,
and so its internal structure was ignored. As a result, theahincrease of the local flame speed in the cusp could not
be determined.

In order to analyze quantitatively thé&ect of flame collisions and to determine the actual incre&<®, an the
resulting cusps, consider an idealized model of the cuspsrobd in Fig_TI0. In particular, consider two symmetricall
located planar flame sheets propagating with the s@ggdnd approaching each other with the inclination angle to
the mid-planer. At the point of collision, the flame sheets merge and formspcits properties, such as its structure,
speed of propagation, antfective burning velocity, are determined in this configuminly by two parameter§, o
anda. Such cusps can be formed through either of the channelssimoig.[11.

Fig.[12 illustrates the flame structure formed in this sitratlt shows the distribution of the fuel mass fraction in
two simulations performed far = 1° anda = 4° with Athena-RFX using the same physical model as in simuoreti
S1-S3. The domain has the resolutibx= 6, /32 and zero-order extrapolation boundary conditions omid#ls. At
t = 0, two intersecting flame sheets were initialized with theadstructure of the planar laminar flame corresponding
to the fuel temperaturg and densityyo (see Tablgl2). Uniform pressuig and zero velocities were set in the domain
att = 0. After the initial transient stage, the flame develops thecture shown in Fig. 12. The structure of the cusp
itself does not change with time, provided that the planandélaheets extend ficiently far from it. Therefore,
Fig.[12 can be viewed as a steady-state solution.

Fig.[12 shows that flame collision at very low inclination Esgresults in the formation of a highly elongated
structure. It is formed by rapid heating and subsequentiagnof a larger amount of fuel than in the planar laminar
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flame due to the focusing of the thermal flux from two approagtiiame sheets. Consequently, the extent of this
structure is determined by the size of the region in whichpiteheat zones of approaching flames overlap and, thus,
create the necessary enhanced thermal flux. Since the Wittle preheat zone is 5o, very small values of are
required for the cusp to be substantially broader #an This can further be seen in the distributionsyofT, and
Y along the symmetry axis of the cusp shown in Eig. 13. The sira®f the reaction zone in the cusp very quickly
approaches that of the laminar flame with increasingo that already at ~ 4° the two reaction zones become very
similar. At the same time, the preheat zone of the cusp resysibstantially broadened for much larger values.of
There are three characteristic speeds in this problerfficiuntly far from the tip of the cusp, the flame locally
propagates normal to its surface with the laminar flame s@egdi.e., thereS, = S| . The cusp itself moves into
the fuel with the phase velocity., which results simply from the two inclined planar surface#iiding with each
other. This speed can be determined based on purely geoalewisiderations [41],

_Sio

~ sina’ (23)

[
This cusp propagation speed, normalizedpy, is shown as a solid line in Fig. 1l4a along with/S, o determined
as the velocity of the leftmost point of thé= 0.15 isosurface in simulations for four valuesmfEq. [23) is within
< 1% accuracy of the computed valuék, approaches the laminar flame speed as 90°, i.e., when the two flame
sheets cease to advance toward each other. At the oppasitefismall«, U can be quite large and, in principle,
it could be infinite wherw — 0°. In particular, ate ~ 0.5°, U; becomes larger than the sound speed in cold fuel
indicated with the horizontal dashed line in Higl 14a. Nd¢e ¢hat atx = 1°, the value ol ~ 57S| o is comparable
to the high propagation velocity55S, of cusps in regions B - C in Fif._]L0 estimated§ig.].

The third characteristic speed, which is the most impoffants, is the local burning speed in the cuSp, The
broadened reaction zone at low flame-inclination anglegs(Ei2 an@113b) causes more fuel to be consumed per unit
flame surface area than in the planar laminar flame, and,ftverét leads to a larger local flame spegd> S o.
Since the reaction-zone width is the largest at the tip ottiep,S,, has its maximum there and it gradually decreases
to its laminar value&s, g in the planar regions of the flamefBuaiently far from the cusp. The maximum valueS¥ at
the cusp tip can be found as

Si = max(S,) = 1 prdX: _B fszexp( - g) dx (24)
£0 P0 RT
Here eq.[(B) was used faf, and the integral is taken along the symmetry axis of the saspvn in Fig[IR. Fig_14b
shows the computed values$f normalized byS, , for the same four inclination angles as in Figl 14a.
Two key conclusions emerge from Fig.14. FirSt, is substantially lower thabl;, being less by more than an
order of magnitude at the values@tonsidered here. Second and most impor&htan indeed be much larger than
St o at small inclination angles.

6.3. Connection between the increase pirscusps and $

We are interested, however, not jusSpbut, rather, in the burning speed of an extended flame reggthjs is a
direct equivalent of the turbulent flame speed. The totahimgrrate of the flame configuration shown in Figl 12 is
m
Se = —, (25)
Po
wheren is the total mass of reactants converted into product petiore. If the flame were to propagate everywhere
with the speed, o, thenS; = AvyS| o, whereAy is the surface area of the flame in such a configuration. Ircte
all isosurfaces o¥ would be parallel to each other and, thAs,based on any value &f could be used. Otherwise,

Sc
AvSLo

IY = > 1. (26)

Herely is completely equivalent to the definition used in €gl (1&8himcontext of the turbulent flame speed. Indeed,
substituting the definition 081 given by eq.[(Il1) into the definition df, given by eq.[(16) shows thair/py =
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IvAySLp = S¢. Furthermore, as can be seen in Fig. 12, atdoisosurfaces o¥ do not have the same surface area.
Therefore, similarly to the case of the turbulent flame, heiie also the function oY. For consistency with previous
results, we will considelg 15 based on the isosurface ¥f= 0.15 representing the peak reaction rate.

SinceS, monotonically decreases away from the cusp, &tlandlq 15 depend on the size of the flame region
being considered. This size can be represented by the lataigthl, illustrated in Fig[CIR, which is defined as
the distance from the leftmost point of the isosurfac&' cf 0.15 in the direction of cusp propagation. Considering
different values ol is equivalent to varying the fraction of the total flame soefarea in Fig._12 represented by the
planar section in whicls, ~ S . Consequently, this allows one to vary the relative contidn to S¢, and thus to
lo.15, Of the cusp in whicls, > S| o.

Fig.[13 showd s, calculated using eqd_(25)-(26), as a functiorpé, o for four values ofe. At smallerl,
close to the width of the reaction zone for a givesee Fig['IBb)lo 15 essentially reflects only the values$y in
the immediate vicinity of the tip of the cusp, whe®g is close toS;,. On the other hand, at largky; the surface
area of the planar flame region, in whi€h ~ S| g, is larger, and so this region represents a greater fraofitime
total surface area of the flame configuration shown in[Eiy.Aa result, the contribution of the planar flame starts
to dominate that of the cusp, which causgss — 1 as seen in Fig._15. Note that at lowgrthe region in which
Sh > SLp extends progressively further from the cusp tip. In paftiguate = 1°, lg15 is substantially greater than
unity even al; >> &L o. At the same time, already at= 4°, lg5 drops to< 1.04 atl. ~ 56, o which shows tha§,
recovers its laminar value within a few laminar flame widtltei the cusp tip.

These results show that the formation of a cusp due to thisicoilof planar flame sheets produces valuely of
substantially larger than unity and comparable to thosemiesl in the simulations presented here. As a result of a
higher local flame speed in a cusp, its contribution to théalldurbulent burning speed is disproportionately large
compared to the fraction of the instantaneous flame surfaeeiait. A more complex flame configuration, consisting
of multiple planar flame sheets that approach each otheralhidecforming multiple cusps, can then be considered.
In this system, for instance, if the flame surface densitgdsdased, flame sheets will get closer to each other causing
flame collisions to become more frequent and the resultirgpedo become more numerous. Consequently, the
fraction of the flame surface area contained in cusps wilidase andp 15 will grow, which is demonstrated by the
increase irl 15 with decreasindy.

This simplified model demonstrates the mechanism througth8y can produce an exaggerated response to the
increase iNAT. Yet it does not take into account the full complexity of atuat turbulent flame. Such flame does
not consist of perfectly planar flame sheets that merge,nstad it is constantly wrinkled and folded on a variety
of scales (Figl_l1). As a result, cusps will form in a multiéuof configurations. For instance, in addition to the
purely 2D situation considered here, there will also exi3tflame collisions which will result in even higher local
flame speeds in the cusps and, thus, will have an even lafiget en the magnitude df15. The probability of the
formation of such more complex flame collisions, howevell, rapidly decrease with the increase in their complexity
[3,123]. Nevertheless, in order to predict a particular eaddilo 15 which can be expected in the turbulent flow of a
specific intensity, it is necessary to understand the typed cusps which can form, the local flame speed of each
type, its probability of formation, and, thus, the conttibu of each type to the exaggerated responsgrof Such
detailed analysis is the subject for future studies.

6.4. Hfect of cusps on the glision velocities in the turbulent flame

Changes in the local flame structure (Figs. 12[add 13) in cwdpeesult in modified local dffusion velocities,
D|VY|. This is the direct consequence of focusing of thudive fluxes which alters the molecular and thermal
transport in regions of high flame curvature. It is, therefanstructive to compare the distribution of théfdsion
velocities in the idealized cusps considered above anckiatkual turbulent flame.

We calculated the surface-averaged normalizédsion velocity,

Vo(Y) fAY DIVY[dA
S|_ B AySL ’

(27)

for a set of discrete values §fin simulation S3 and in the cusp formed at the low inclinamglea = 1° shown in
the upper panel of Fi§. 12. Here thefdision codficientD is given by eq.[{I7) and the integration is performed over
an isosurface of a givei. In S3, the values d¥fp(Y) change with time due to the fuel heating by turbulence. teor
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to take this €ect into account, we normalized the instantanedyy) by the corresponding actual instantaneous
laminar flame spee8, , as was discussed §12.2. The resulting distributions were subsequently timeraged. In

the idealized cusp calculatioB, = S o at all times, and the instantaneous flame structure showig LB represents

a steady state. The obtain®g(Y)/S, for both calculations is shown in Fig.116. We also show twadritigtions of
Vp(Y) representing the exact planar laminar flame solutionstoaeted for two fuel temperatures, namély = 293

K and 320 K, which correspond to the average fuel temperattréhe beginning and at the end of S3. These were
also normalized by the correspondiig.

Fig.[18 shows that the flame configuration in Eig. 12 (uppeepawhich consists both of a cusp and the extended
planar flame regions, hasfiiision velocities in the reaction zore10% lower than in the planar laminar flame. At
the same time, a similar decrease/f/S, in a laminar flame is produced as a result of fuel heating tok320n the
other hand, the time-averaged distributiorMpf/ S inside the turbulent flame is also similarly lower in compari
with the base laminar case at fuel temperaflye= 293 K. This fact, along with thedt standard deviation of the
instantaneous values ¥f /S, shown as the shaded gray region, indicates that the obseeecedase of the fliision
velocities in S3 is consistent with the combinetket of fuel heating and the formation of cusps.

6.5. Criterion for onset of the regime of flame evolution ieficed by cusps

Properties of cusps discussed above allow us to determiae thie evolution of a turbulent flame can be expected
to become fiected by cusp formation, thereby, leading to valuekgf substantially larger than unity. The results
presented in this paper show that such Higs require a large number of cusps to exist or, in other wordsfldme
must have large curvaturel/§. over a significant fraction of its total surface. This medret the flame must be
tightly folded with a characteristic separatiof£t comparable to the full flame width, which is indeed the situation
observed in the simulations discussed here.

Consider now the two channels of cusp formation discuss€déid and illustrated in Fig.11. Nonlocal flame
collisions cannot create a tightly packed turbulent flameesi by definition, they fold the flame only on large scales
causing flame sheets to move toward each other. Large cuevatuns only at the moments of collision after which
the large speed of cusp propagatitiy, causes rapid annealing of the flame surface. Consequenidytly packed
flame can form only if local flame collisions are affiegient process capable of folding the flame on scalés not
only in isolated regions but consistently throughout thm#asurface.

It was discussed i§ (Fig.[14) thatJ., unlike S, is much greater tha8,_ even at large flame inclination
angles, and, thus, it increases gradually with curvatunerdfore . is the primary factor responsible for smoothing
the flame surface while it is being wrinkled by turbulencepamticular, as the turbulent motioklg shown in Fig[Illa
fold the flame thereby progressively increasing its cumggtthey must overcome the straightening action of the
growingU.. The formation of a cusp, as well as its structure, are thégraéned by the balance betwedn andU..

Next consider a section of an idealized curved flame frorteswtically shown in Fid._17, containing a cusp
formed through a local flame collision (Fig.]J11a). The flampasturbed with a wavelength, and an amplitudé..
This type of structure was considered by Zel'dovich [41] asaalel of a flame formed under the action of the Landau-
Darrieus instability in order to analyze the stabilizirfiget of cusps. The same structure, however, can emerge under
the action of any destabilizing process, e.g., the Rayl@mfior instability or, in our case, turbulence.

In this case, the rate of decrease of the cusp amplitudeljs [41

(%)_ _ —sL(ﬁ + 1). (28)

The angler and, thus, dl./dt)_, will change with the cusp amplitude. In order to relatandl., a parabolic shape of
the flame was assumed in [41], and €qg] (28) can then be rawaitte

dl; ¢

—€) =_85, <. 2
(5). = -2 @)
The net rate of change ¢f is determined by the balance of the stabilizing processriest by eq.[(ZB) and a
destabilizing process, hamely

(30)



In the turbulent flow, flame perturbations can be assumedadw nearly in time as they are being stretched by the
turbulent speed),,, characteristic of the scal&. This gives the growth rat# = U, . By settingdl./dt = 0, the
limiting value ofl¢(1c) can be determined. It was shown by Khokhlov [23] in the crindé Rayleigh-Taylor-unstable
flames that nonlinear flame stabilization due to cusp prajfagean be expected to fail onte=> A.. Therefore, by
settinglc = A¢, ¥ = U,,, anddl;/dt = 0 in eq. [30), the critical value of the turbulent velocity @given scalel; can
be found|[23]

U, =8S.. (31)

This is the value ol ,_ that is needed to overcome the stabilizitfiiget of cusps and, thereby, to deform the flame on
scalel.. This result was used to demonstrate that, in order for tineeflep be unstable at a wavelengthunder the
action of turbulent motions, the turbulent speed on thdestaist be substantially larger th&n [23].

This shows that given a specific turbulent cascade, the flaithkenstabilized on scales smaller than some critical
wavelengtmS™ on which the condition in eql(81) is satisfied. In order far tusps to have a pronounceftket on
the flame evolution, the flame must be folded on scales corblgat@ the full flame widtHg. Therefore, by setting
A% = | and using eq[(31), we find that the flame will be curved on scale when turbulent velocity on that scale
becomes- 8S,. In a turbulent flow with the Kolmogorov energy spectrum, tieeresponding critical value of the
integral turbulent velocity then is

1
et ~ ssL(Il) " (32)
F
This gives the critical values of the Karlovitz numbkg®™, and the Damkodhler numbeda®™, written using their
traditional definitions|[5]
Kacrit = TF _ (l_':)l/2 - 8%~ 920
Ty LG ’

o IS 1( | )/ (33)

Dacrit —

TF ||:U| B 8 ||:
Heretr = Ig/S_ is the characteristic flame time, is the Kolmogorov timert = /U, is the characteristic turbulent
time on the integral scale, ahng = I(S_/U,)? is the Gibson scale.

Fig.[18 presents a traditional combustion regime diagrdml[be orange region shows the range of the regimes,
in which lg 15 is expected to be larger than unity, according to Bgl (33)e 3tlid red square corresponds to the
simulations discussed here. We also determined the tiraeaged value offy 15 in a simulation similar to S2, but with
approximately half the turbulent intensity which, howeweas still above th&a®™ ~ 20 line. In this calculation,
represented with the open red square in[Eig. 18, we fogngd~ 1.1, compared With g 15 ~ 1.14 found in simulation
S3 (Tabld®#). Details of this calculation will be presented iseparate paper.

Despite the simplicity of the cusp model used here, €g$-(@E2) provide a rather accurate criterion for the onset
of the regime of the turbulent flame evolution in which thetcitution of cusps is expected to become important. In
particular, the decrease in the valuel gfs between the two turbulent intensities considered in [Eigsudgyests that
below theKa™ ~ 20 linelq s, on average, deviates from unity at most by a few percent.

6.6. Hfect of dfferent turbulent intensities and system sizes

For the given reaction-tfusion model and fuel properties, the only two free paramsetethe system considered
here are the turbulent intensity and system size repregégtéhe turbulent integral velocity),, and scalel. Con-
sequently, the question arises, how will the distributioh$t /S, and, more importantly, ofy 15 as a function of
Ao.15/L2 shown in FigsiBb and Fifl 8 vary with the changé amdU,?

The results presented here ana.in [11] demonstrated tteavioly key property of the flame interaction with high-
speed turbulence. Turbulent motions are much mfiteient at folding the flame with increasingly greater curvatu
than at disrupting its internal structure. This creatdsthjgpacked turbulent flames which, in regions of low curvatu
retain locally the laminar structure and velocity. Therefan increase i, creates both larger flame surface area,
At, and densityXr.

On the other hand, does not ffectZy. The analysis ir§ showed that flame folding on a given scale is
controlled only by the turbulent velocity on that scale extthan by the total range of scales present in the system.
Instead, a larger system size results in a wider turbulemigfland, thus, in larger values &f. This follows from the
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fact that, in the high-speed regime, the turbulent flamelwiglt, is primarily determined by (and, therefore, by the
driving scale L) rather than byJ,, as was discussed in_|11] based on the comparison of thegeduhat work with
the results of Aspden et al.|[9]. A similar conclusion wa®aksached by Peterd [5] (cf. eq. (2.175) therein).

At the same time, a gived, andl is not characterized by a singfs, Ar, andXy. Instead, a variety of tlierent
flame configurations are realized in the course of flame eeniuds was seen above (cf. Hig. 6b). These configurations
have diferentAr, which is the primary factor determining the distributioh®-. More importantly, however, at a
given Ar, there are also fierent numbers and types of cusps present in the flame. Tlatesra scatter in the
distribution ofSt/S, vs. Ar/L2, which in the absence of cusps would lie on 8€/S, = Ar/L? line. These cusps
are the result of the combined action of the two cusp-foromathannels discussed§fe. 1. Consequently, this scatter
reflects the dependence of the two types of flame collision&roandXy.

The dficiency of local flame collisions (Fi§._11a) is independeneitiier Ar or X, since this process of cusp
formation is controlled only by the intensity of turbulenbtions which stretch and fold the flame at a certain point
of its surface. As a result, the probability of cusp formatjwer unit flame surface area in this process does not
increase withAr or Zr. Consequently, if only local flame collisions were preserthie system, than the fraction of
A7 contained in cusps would grow proportionally to the incesiasAr, and the resultind 15 would not change.

On the other hand, thefficiency of nonlocal flame collisions (Fig.111b) does dependamly on U;, but also
on Ar andXr. To show this, the following qualitative model can be usesk(also|[23]). In this process, cusps
are created due to collisions of flame sheets with very lowature. Therefore, consider an idealized structure
consisting of planar flame sheets discussed [:13. If the flame surface density of this configuratiorEis then
the average flame separation j&%. Flame sheets will move toward each other with the siged U+, whereUr
is some characteristic turbulent velocity responsibletifier advective transport of the flame. Sindeis the largest
velocity of coherent turbulent motions, theély can be approximated witt;. Consequently, the flame sheets will
merge and annihilate in the timg~ 1/(Z1(S. + U))). The total number of collisions and, thus, the total numife
resulting cusps\., will depend on the total surface area of the flame sheetstihgfrequency of their collisions, i.e.,
Nc oc At /tc o« ATZ7(SL + U)). SinceAr andZt are well correlated§([3.3), Ar can be viewed as simply proportional
to X1, which give Ne o< (SL + Uj)A2 o (S + Uj)=2. Therefore, the number of cusps formed per unit flame surface
area will be

Z_TC o (sL + U.)AT o (sL + U|)2T. (34)

These considerations show that at a givandU,, the distribution of values df ;15 has two contributions: one due
to local flame collisions independent & andXr, and the other due to nonlocal flame collisions, which ineesa
with At andXZy. In smaller systems and at lower turbulent intensities,equivalently, at loweAr andXt, the
first process is dominant. This can be seen in the distribuifolo 15 vS. Ag1s/L? in Fig.[8, which shows almost
no dependence ofir. Note, however, a weak increasing trend suggested by tsedgaares fit. In particular, the
lowest values ofq 15 become progressively larger with increasifzgrs approachings 1.1 asAg15/L? — 5. While
the statistical significance of this trend must be confirnedugh further studies, this trend would be indicative of
the contribution of nonlocal collisions. The analysis givabove suggests that such dependendg@fon At will
become pronounced in larger systems or at larger turbulérisities.

The fact thatlg 15 must depend o also follows from a dierent argument. Consider first a limiting value of
¥t. The fact that the flame is not an infinitely thin surface meaassuch a limit does exist. OnZg becomes large
enough so that all of the flame surface comes into contactiiséh, 1 cannot increase further. This maximum value
I can be estimated by assuming that the minimum flame sepaiatamual to the full flame width:. Thedt

1
= Sp= (35)

9This expression is very similar to the destruction termrofised in the balance equation of the flame surface densiy4dgfor a review of
a number of such models). This is also analogous to the ratelligions of gas molecules, withy playing the role of number density and the
turbulent intensity playing the role of temperature in deti@ing the speed with which constituents approach eacdér.oth

10Note thatz"@*is different fromEmax typically used in combustion research and discussédBia.
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Using the definition oEy given by eq.[(T}), the corresponding limiting value of thenftasurface area then is

Amax max L I
EZ = ?15 =TT = ClE = (clcz)ﬁ. (36)

Here,C; = 61/L and it typically is~ 2 — 4 based on the results of [11, 9]. ThRe = L/l and in the case of the
Kolmogorov turbulenc€, ~ 4. In our casér ~ 25 o (cf. Fig. 7 in [11]). Therefore, based on the valued aindl
given in TabldB for the system considered h&#* ~ 1.5 mnT* andAM®/L2 ~ 7 - 8.

The situation when all of the flame surface is in contact wigklIf corresponds to the infinite local flame speed
and, thus, infinitéSt. This is equivalent to the complete domination of the noal@rocess of cusp formation when
the flame sheets collide simply because they are very closadi other and not as a result of the folding action of
turbulence. Therefore, & /L2 — AM/L2, bothSt/S. — co andlgi5 — . On the other hand, a&r/L? — 1,
St/S.L — 1 and, thus)]o1s — 1. This shows thatg ;s cannot be constant. Instead, it has to be a monotonically
increasing function oAt, as suggested.

In summary, the following picture emerges. At a giMetower turbulent intensities cause the flame to be less
convolved and, thus, to develop less surface area. As a résaloverall distribution oB7/S, vs. Ar/L? would
shift toward smaller values @%;/L? and, thusSt/S,. Furthermore, thefciency of both local and nonlocal flame
collisions would decrease. As a result, cusps would becarirequent representing only a small fraction of the
total flame surface. Consequently, the flame almost evemenkieuld propagate locally with its laminar speed, thus
causing the scatter in the distribution®f/S, to decrease and values®f/S, to collapse onto th&7/S_ = Ar/L?
line in the limit of U, — 0. Note, however, that while & < U™ given in eq.[31L) local flame collisions practically
cease to occur, individual cusps can still form through aoal collisions. Since these depend &, 115 would
approach unity with decreasitd) more slowly in larger systems that have gre#gthan in smaller systems.

At largerU,, the behavior would be opposite. Not only would the overiliribution of St /S, vs. At /L? shift to
larger values of\r/L? andSt /Sy, but also the ficiency of both local and nonlocal flame collisions would ease,
causing a much larger scatter of the distribution. Furtleeamat high turbulent intensities, flame configurationfiwit
very few cusps and, thuty ;s ~ 1, would become increasingly less likely to occur. TherefdargerU, will cause
not only a higher rate of burning due to the increaséin but it will also periodically lead to a substantially more
exaggerated response 8f to such increase iAr. Finally, dependence df 15 on At would be more pronounced
due to the increased contribution of nonlocal collisiond,at a giverlJ,, larger systems would tend to have higher
values oflg 5.

7. Conclusions

This work continued the analysis of the set of three numksicaulations first presented in_[11]. These calcu-
lations model the interaction of a premixed flame with higleed, subsonic, homogeneous, isotropic turbulence in
an unconfined system, i.e., in the absence of walls and boig@sddhe turbulent r.m.s. velocity;ms, is ~ 35 times
larger than the laminar flame spe&i, The resulting Damkohler number based on the turbulergiat scale and
velocity isDa = 0.05.

It was demonstrated in [11] that this system representsikembcombustion in the thin reaction zone regime. Even
in the presence of such intense turbulence, the flame brusiste of the highly convolved flame with its reaction-
zone structure virtually identical to that of the planar iaam flame and with the preheat zone broadened by a factor
~ 2. The fact that turbulence is unable to penetrate and diinegnternal structure of the reaction zone suggested
that the flame must be propagating locally with the sp&efil1]. This raised the following question: is the turbulent
flame speedS, in the thin reaction zone regime completely determinediyiicrease in the flame surface aka,
as it is the case in the wrinkled and corrugated flamelet regitiHere we summarize the main findings of our study
of this issue.

Analysis of the area and densit}, andXy, of the fuel mass-fraction isosurfaces showed that the fldohded
inside the flame brush in the presence of high-speed turbeeannot be viewed as a thin uniform structure in which
all isosurfaces are parallel to each otherff&ent regions of the flame have quitdfeient response to the action
of turbulence. In the higher-resolution calculations S& 88, bothAy andXy, on average, increase monotonically
through the flame with increasing which leads to the distinctive inverted-S shape of the taweraged distributions
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of Ay andXy. Consequently, isosurfaces of highéare folded by turbulence on progressively smaller scaléss T
causes substantially finer wrinkling of the flame surfacehaftiel side than on the product side, as observed In [11].
Furthermore, in the reaction zon&y grows due to both much tighter folding of isosurfaces andrbeease in the
overall width of the flame brush, with the first process beirggerdominant. On the other hand, in the preheat zone,
isosurfaces o¥ are packed primarily on small scales without contributimghte increase afy.

These properties of the distributionsAf andXZy showed that, in the thin reaction zone regime, the definition
the flame surface area must be revisited before the relagiovelenAr andSy can be considered. In particular, it must
be determined which value &ffully and accurately characterizes the evolution and dlpbaperties of the turbulent
flame. To answer this question, we analyzed the correlafiéw evith quantities that characterize both the energetics
and the global structure of the turbulent flame, namely ieedfSt, and width,6t. This analysis demonstrated that
global properties of the turbulent flame in the thin reactione regime are accurately represented by the structure
of the region of peak reaction rate. For the reactidfiudion model used in this work, this correspond¥te 0.15.
Therefore, the isosurface of this valueYomust be viewed as the flame surface @3d= Ag15. Correspondingly, the
flame surface density Br = Xg1s.

Large values oEr developed in the course of the system evolution, on one reamitlthe absence of any broad-
ening of the reaction zone observed|in/[11], on the other,atestnated the following important fact. High-intensity
turbulence is much mordiient at tightly packing the flame inside the flame brush thatsaupting and broadening
its internal structure (also see [5]).

The distribution 087 /S, as a function ofAr /L2 and, more specifically, the ratig1s = (St/S.)/(Ar/L?) showed
that, in the thin reaction zone regime, the magnitud®-ofs controlled primarily by the increase of the flame surface
area. In particular, on averadg;s ~ 1.14. As a result, a variety of flerent flame configurations realized over
time, with bothAr andXt varying by over a factor ok 3, causeSt /S, also to vary over a broad range of values
~1.6-5.5. Such significant changes in the burning rate demonstratgn order to properly characterize the turbulent
flame evolution in this regime, it is not ficient to consider only the time-averag®¢. Instead, the full PDF of the
instantaneous values 8f must be determined.

At the same time, the distribution 8f /S exhibited another important characteristic. In the coofghe system
evolution,St/S, varies from within only a few percent @ /L2 to as high as 30% larger tha@g /L?. This led to the
following key conclusion of this work. In the thin reactionre regime given a giiciently high turbulent intensity,
St periodically exhibits a substantially exaggerated respdn the increase iAt. Such accelerated burning in the
turbulent flame means that an additional mechanism must ewigiime &ect of the increase of the flame surface area.

Our analysis showed that tightly packed flame configuratipreduced by high-speed turbulence, have the aver-
age flame separation of only a few full flame widths. This ressualfrequent flame collisions that lead to the formation
of regions of high flame curvature 1/6., or “cusps.” The resulting significant focusing of the thatriux over an
extended region of the flame surface can significantly ireerélae local burning speed,, in the cusp over its laminar
value,S, . These large values &, cause the contribution of cusps to the t@&alto be disproportionately large com-
pared to the flame surface area they contain. This providasusai mechanism to accelerate burning in the turbulent
flame above what can be attributed to the increas&rineven in reactive mixtures characterizedlbyy= 1. The
increase of5, in cusps is inherently local, and it does not require the fléortge broadened and its speed increased
by small-scale turbulent transport, in agreement with dsaiits of [11].

Therefore, our results indicate that cusp formation is &iafyrocess in the turbulent flame evolution responsible
for controlling St. It is capable of accelerating burning in addition to the fwocesses originally suggested by
Damkohler|[[1], namely the increase &f and the enhancement of the local flame speed by turbulendiefumore,
both the criteria given by eq4.(31)-(33) and the resultsurfierical simulations show thaffects of cusps become
pronounced well within the thin reaction zone regime angarticular, atka®™ > 20 (Fig.[I8). Above this critical
value ofKa, increase o5t overS,, on average, exceeds By 10% the corresponding increaseAsf. This shows
that a substantially accelerated turbulent burning caseatiie to cusps at much lower turbulent intensities thandvoul
be necessary to disrupt the flame and increase its local fiyesmdall-scale turbulence.

AboveKa“" (Fig.[I8), the flame evolution likely remains substantialfigcted by cusp formation at all turbulent
intensities, as long as there is folding of the flame by laggale motions. This is the result of the fact that turbulence
is more dficient at packing the flame than at broadening it. In particaahigh enough values &J,, turbulence
will eventually break the internal flame structure, whichlicreaseS,. This will, in turn, increase the right-hand
side of eq.[(31), thereby, enhancing the stabilizifiga of cusps. On the other hand, the flame width will also grow,
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increasing the critical flame separation necessary foriisetmf the regime influenced by cusp formation. Siages
determined by small-scale turbulence while flame foldingdgserned by the faster large-scale motions, it is unlikely
thatS,, can grow fast enough to compensate for the increase inlpathd the turbulent speeds which fold the flame.
Consequently, at highey|, i.e., even in the broken reaction zone regime, cusps miasylcontinue to provide a
significant enhancement 8. This issue, however, requires further investigation turfe studies.

The dfect of flame collisions on the turbulent flame speed sugdestsdven at high turbulent intensiti€s, does
not become independent of the laminar flame speed. Analiygs @ §[6.3 and, in particular, eq$. (81)-(32), showed
that flame folding by turbulence, and thus tfBagency of cusp formation, is controlled I8¢ . For instance, at the
samel, the reactive mixture with higheé_ will develop a less convolved flame with fewer cusps than thewith
lower S, . Consequently, the exaggerated responsgrdb the increase oAr due to cusps will vary witts, .

The results presented in this work show that for a large rahtigrbulent intensities and system sizes, knowledge
of Ar is not sufficient to predict the magnitude &, even if the reaction-zone structure remainsfiewied by
turbulence. For instance, in the regime considered heneg és as a guide would result in errors as high as 30%.
Such errors are quite substantial, given that the flow eiaius typically very sensitive to the rate of energy release
Therefore, it is particularly important to account for thféeets of cusps in subgrid-scale models that primarily focus
on determining the evolution & (e.g., [28]). Furthermore, when constructing such modgiglolgrid-scale models,
flame propagation can no longer be viewed as a local proaepsiriicular,S, at each point of the flame surface is no
longer determined only by the local thermodynamic state@eflow or by turbulent motions on scalés: 6, . Instead,
in the presence of cuspS, is also controlled by long-range velocity correlationsjettproduce flame collisions and
can span the full size of the system.

The formation of cusps and the resulting rapid flame propaganh certain regions are a crucial part of the
turbulent flame-brush evolution in the high-speed regimeusTl properly capturing this regime in numerical models
requires the domain size to be larger than the integral snateder to accommodate the folding of the flame by
turbulence. Making the domain smaller thiawould significantly hamper this process, while making thendm
smaller than~ 5. would completely eliminate it.

The increase 0%, in cusps is discussed here floe = 1. It is well known, however, that whdre # 1, S, varies
with the flame curvature, even when itis1/6, [3]. Therefore, due to the large curvature in cusps, any larzz
between thermal and fllision fluxes can significantly exacerbate or suppress theneeiment of,,, depending on
the value ofLe. Therefore, the role and properties of cusps in non-effulve reactive mixtures must be investigated
in future studies. Furthermore, it is important to extenel thsults presented in this work by considering theats
of detailed chemistry, in particular, to address the roldlafhe quenching and re-ignition at such high turbulent
intensities that are necessary fdii@ent cusp formation.

Finally, two possibilities exist for the flame evolution imetthin reaction zone regime. If the turbulent intensity is
not too high, an equilibrium is established between flanréasa creation by turbulence and its rapid destruction in
cusps. This results in the turbulent flame propagating irradst state, which is the situation observed here. On the
other hand, if the turbulent intensity continues to risesrguallyZt andAr can approach their limiting values given
by eqgs.[(3b) {{36). In this case, baly /S, andSt/Ar can become arbitrarily large, as was discussegl@. Such
singular behavior suggests that in reality, unless turimdesubstantially alters the flame properties, the steady st
must cease to exist and the system must undergo a qualii@ihsformation in order to accommodate the ris&n
or, equivalently, in the rate of energy release per unitv@uSuch qualitative change may indicate the transitiomfro
the deflagration to a detonation. Detailed discussion sfribnsteady regime will be presented in a separate paper.
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Table 1. Nomenclature

Ay = A(Y)
A

Ar = Aois
B

Cp

D

Do

Dr

Da

|

ly

Ka

Kacrit

|

le

Ir

L

Le

Le

M

Mag

Map
n

tign
ttotal
To

Vo
X=(xY.2)
Y

Y

ZO,min

Zl,max

surface area of th¥ isosurface

surface area of laminar flame

surface area of turbulent flame
pre-exponential factor

specific heat at constant pressure
molecular difusion codicient (eq[¥)
molecular dffusion constant

turbulent difusion codicient (eq[2)
Damkohler number|(U,)/(I¢/SL0)

stretch factor (ed.]1)

ratio of St/S, to Ay/L? (eq.[I6)

Karlovitz number, /1) 2(U,/S.) 2

critical Karlovitz number for cusp formation (€g.133)
integral scale

characteristic cusp length

full width of laminar flameg 25, o

domain width, energy-injection scale
Gibson scalel(S; o/U))®

Lewis numberk/D

molecular weight

Mach number in fuelJ (yPo/po)~ 72

Mach number in prOdUCU()/Po/ppo)_llz
Temperature exponent

initial fuel pressure

chemical energy release

activation energy

actual instantaneous laminar flame speed
initial laminar flame speed

local flame burning speed

maximum local burning speed in the cusp
turbulent flame speed

time

time of ignition

total simulation time fromtg,

initial fuel temperature

initial post-flame temperature

flow velocity

turbulent velocity at scale

speed of cusp propagation (Eq] 23)
integral velocity

critical value ofU, for cusp formation (ed._32)
turbulent r.m.s. velocity

turbulent velocity at scal& o

diffusion velocity

spatial coordinate in the domain

fuel mass fraction

reaction rate (ed]8)

left zboundary of the flame brush (¢g]10)
right z-boundary of the flame brush (gl 10)
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Table 2.

Table 1 (cont'd)

Zrp initial flame position along-axis

a inclination angle between planar flame sheets
y adiabatic index

oL actual instantaneous thermal width of laminar flame
dLo initial thermal width of laminar flame

oT turbulent flame width

AX cell size

Ate time lag of maximum cross-correlation

n Kolmogorov scale

e energy-injection rate

Ko thermal conduction constant

K thermal conduction cdgcient (eq[T)

00 initial fuel density

PPO initial post-flame density

v = 2(Y) surface density of th¥ isosurface (ed.14)
Y1 =215 surface density of turbulent flame
Ted eddy turnover timel./U

(..) time averaging

Input model parameters and resulting computedi@anfiame properties

Input
To 293 K
Py 1.01x 1 ergen?
00 8.73x 1074 g/en®
y 1.17
M 21 gmol
B 6.85x 102 cn/(g s)
Q 4637 RTy
q 4328 RTp /M
ko 29x%107%g/(scm K
Do 29x10°g/(s cm K
n 0.7
Output
Tro 2135K
Pro 1.2x 10 g/cm?®
(5|_'0 0.032cm
SL’O 302 cnjs
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Table 3. Parameters of simulatiéns

S1 S2 S3
Mesh 64x 64 x 1024 128x 128x 2048 256x 256 x 4096
L 0.259 cm= 85, o
AX 4.05x 103 cm 202x 103 cm 101x 103 cm
(5|_'0/AX 8 16 32
Zro 1.95 cm= 7.52L
g 1.26x 10° erg/(cm?® s)
Us 453x 10° cnys = 155,
U 9.07x 10° cnmys= 3OS|_’0
Urms 1.04x 10* crmys = 34.48S, o
U 5.60x 10° cnys = 1854S, o
| 6.04x 102 cm= 1.87(5|_’o
Ted 286x10°s
tign 3.07eq 3.07eq 2.07eq
total 16~0Ted
Da 0.05
Lo 9.47x 10°% cm= 2.96 x 10‘46|_,0
Mag 0.25
Map 0.09

a Parameters common to all simulations are shown only onc@ cofimn.

Table 4. Time-averaged properties of the turbulent flametBru

61/6.  O@r/6) St/SL O(St/SL)  Auws/L? O(Aois/L®)  Zows, Mt O(Zois) loas  O(loss)
S1 20.03 5.19 3.91 0.74 1.31
S2  17.39 2.21 3.91 2.19 3.23 2.84 0.67 4.07 1.20 1.50
S3 16.66 3.55 3.12 0.67 1.14

@ Time-averaging for all variables is performed over the timerval [2req — 167¢].
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E(k)

Figure 1 Instantaneous kinetic energy spectral densitgifoulations S1 (black), S2 (red), and S3 (green) at a time
immediately prior to ignition. Shaded regions illustratales associated with thermal widthy and full width 25, o

of the laminar flame. Vertical dashed lines show wavenumtmresponding to the Taylor microscales in the product,
Ap, and fuel,Ag, as well as the Kolmogorov scale in the produgt, based on the value of the viscosity fosent
corresponding to th& c= Pr = 1 condition. The wavenumber corresponding to the Kolmogsuale in the fuel,

nF = 1.18x 1073 cm, is located outside the range of the graph. (Reproduoea fft1].)

Product
Reactants

f

zﬂ, min zl, min z(), max zI, max

Figure 2 Isosurfaces of in simulation S2 at = 13r¢q (cf. Fig.3, middle row, left panel irml]). Isosurface vakiare
0.05 (red), 0.6 (green), 0.95 (blue). Red and green isosesfaound the reaction zone of the flame. Green and blue
isosurfaces bound the preheat zone. Zfig, andz; max mark the flame-brush bounds. Thgnax andz min indicate,
respectively, the maximum extents of product and fuel patiet into the flame brush (see Appendix A for further
discussion 0y maxandzi min). (Reproduced from [11].)
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Figure 3 (a) Evolution of the normalized turbulent flame Wwid{/5.. Note that domain widthh = 86, ¢ ~ 85
indicated with the horizontal dashed line. (b) Evolutiontieé normalized turbulent flame spe8g/S.. In both
panels: black lines correspond to simulation S1, red to 82 gaeen to S3. (cf. Fig. 4 in[11].)
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Figure 4 Evolution of the normalized flame surface areada)/L? and (b)A¢geo/L2. Evolution of the flame surface
density (C)Xo01 and (d)Zog0. (€) Time-averaged normalized isosurface akeal 2. (f) Time-averaged isosurface
densityZy. In panels (e) and (f) time averaging is performed over tmetinterval [2eq — 167, circles represent
calculated values and solid lines are the Akima spline fitadgd gray region shows the distribution of the reaction
rate,Y, in the exact laminar flame solution normalized by its pedkle/é{max = 95x 10* s'L. In all panels: black
corresponds to simulation S1, red to S2, and green to S3.
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Figure 5 Correlation betwediy andAy/L? in simulation S3 for three values 8t Graphs exclude data from the time
interval [0— 27.4] during which the turbulent flame develops its equilibriutaits. Dashed lines show time-averaged
values ofty andAy/L2. Solid lines show the least squares fit with its slope giveseioh panel.
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Figure 6 Correlation betweefy/L? and St/S, in simulation S3. Ay is considered for three values ¥f (a, b)
Y = 0.15, (¢, d)Y = 0.5, and (e, f)Y = 0.95. In panels (a), (c), and (&)/L? is shifted in time to the right by the time

lag Atc shown in each panel. Graphs in panels (b), (d), and (f) aretnamted based on the data shown, respectively,

in panels (a), (c), and (e) excluding the time{@r.q] during which the turbulent flame develops its equilibriutate.

In panel (b) each data point is colored according to the spording value ofq 15 with the color scale given in units

mnt? (cf. Fig.[3a). In panels (b), (d), and (f) dashed lines shovetiaveraged values 8§ /L2 andSt /S, solid lines
show the least squares fit with its slope given in each pandlgdash-dot lines correspond$e /S, = Ay/L2. Shaded
gray regions in panels (a)-(e) illustrate the exaggeraspanse o6+ to the increase oAy.
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Figure 7 Correlation betweety/L? andét /L in simulation S3 for three values 8t Graphs exclude data from the
time interval [0— 27,4 during which the turbulent flame develops its equilibriutate. Dashed lines show time-
averaged values dky/L? anddt/L. Solid lines show the least squares fit with its slope giveadoh panel. Each
data point is colored according to the corresponding vali avith the common color scale in unitsnt shown in

panel (a) (cf. Fig.b).
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Figure 8 Instantaneous valuesg{s as a function of\y 15/L? in simulation S3. Graph is constructed from data shown
in Fig.[8b. Each data point is colored according to the cpwading value o ;5 with the color scale given in units
mnt?. Dashed lines show time-averaged values. The solid linesgive least squares fit with its slope given in the
panel.
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Figure 9 Instantaneous valueslgis in simulation S3 as a function of the volume-averaged namadk-component
of the kinetic energy inside the flame brush and in the fuel édiately ahead of it. The solid line shows the least
squares fit with its slope given in the panel. See text fohrtletails.
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Figure 10 Flame collision and the formation of cusps in thibutent flame. Shown is the flame-brush structure based
on the isovolume of in simulation S3. Bounding isosurfaces represént 0.05 andY = 0.95 and the flame brush

is shown from the product side. Upper panel correspondsttinttet = 11.867¢q4, While the middle and lower panels
show the flame structure, respectivelyl®y = 3 us and 02r¢q = 6 us later. The thin black line, corresponding to
Y = 0.6, marks the boundary between the preheat and reaction.zbheshin white line, corresponding Y= 0.2,
shows the location of the peak reaction rate. Regions A, B,Gshow the three main stages of the flame collision
and the formation of a cusp discussediifi.]. Note also two elongated regions of flame collision forgmear the
upper face of the domain.
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Figure 11 Schematic of the two main channels of cusp formafia)Local flame collisionsTurbulent motions with
velocity U, on the scalel fold the flame, gradually increasing its surface curvattieespecific point until it becomes
~1/6.. (b) Nonlocal flame collisionsThe flame is folded by turbulent motions on a larger scalee durvature of
the flame surface remains small at all points until the doltisf the two flame sheets causes an abrupt formation
of two cusps. Resulting cusps propagate in both cases véthhhse velocity)., which depends on the local flame
curvature. See text for further details.

0.0 025 050 0.75 1.0

0 5 10 15 20 25

Figure 12 Structure of a cusp formed by the collision of twanglr flame sheets. Shown is the distributioly é6r the
flame inclination angle: = 1° (upper panel) and = 4° (lower panel). Scale of the panel axes is given in unii @f
Away from the cusp tip, the flame propagates in the directimmal to its surface with the laminar flame spe8do,
causing the tip to move to the right with the spé&&d Also shown is the variable length, of the collision region (see
text). Thin black line marks the boundary between the readnd preheat zones, while the thin white line indicates
the region of peak reaction rate. Note the substantial leoiad of the flame, and thus the reaction zone, near the tip
of the cusp atr = 1° compared tar = 4° (cf. Fig.[10).
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Figure 13 Structure of a cusp formed by the collision of twar@ir flame sheets for four flame inclination angles,
a. Shown are distributions of (& andT, as well as (b) the reaction raté, along the symmetry line of the cusp
(cf. Fig.[12). Dashed lines in both panels indicate the ep&tar laminar flame solution. Profiles fandY are

normalized by their respective maximum values in the examtinar solution, i.e.Tpo (see Tabl€l2) andmax =
95x 10*s .

(b)

\1\
1 2 3 a4 s
o, deg

Figure 14 (a) Dependence of the normalized speed of cus@agadipn,U./S| o, on the flame inclination angle;.

Solid line corresponds to the analytic expression givergir{Z3), red circles show the computed values. Horizontal
dashed line indicates sound speed in cold fuel. (b) Deperdeithe maximum normalized local flame speed in the
cusp,S;, /S, given by eq.[(2W), or. Red circles show the computed values, solid line is the Akspline fit.
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Figure 15 Dependence &f 15, given by eq.[(26), on the normalized length of the flameisiol region,|./6\ o, for
four values ofr. The shaded gray area indicates the full laminar flame width 26, o. See text for further details.
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Figure 16 Time-averaged distributions of the normalizetudion velocity in simulation S3 (black line) and in the
idealized 2D cusp at = 1° shown in the upper panel of Fig.]J12 (green line). Circles ateutated values, solid lines
are the Akima spline fits. The shaded gray region is thestandard deviation of the instantaneous valueg¢fs,

in S3. Dashed red lines are the exact laminar flame solutiomesponding to fuel temperaturés = 293 K (upper
line) and 320 K (lower line). The shaded orange region shdveddistribution of the reaction rat¥, in the exact
laminar flame solution (fuel temperatufg) normalized by its peak valié,ax = 9.5 x 10* s'1. See text for further
details.
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Figure 17 lllustration of the idealized perturbed flame #itedd by the propagation of a cusp with the spégd(cf.
Figs[Tla anf12).
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Figure 18 Combustion regime diagram according to [5]. Trange region above th€a®™ ~ 20 line shows, ac-
cording to the criterion discussed §16.3, the range of the regimes in which the formation of cuspsxpected to
substantially fect the turbulent flame speed. The solid red square corrdsporthe simulation S3 presented in
this work that givedg1s ~ 1.14. The open red square shows the regime with one half thelanbintensity in
which the value ofig15 ~ 1.1 was determined. Flamelets are typically believed to erishe regimes below the
Kas; = Ka/100 = 1 line [5]. The traditional form of the diagram was also maalifioy adding the lindMar = 1
indicating the region of supersonic turbulence in the cojeb fuel under the atmospheric conditions. See text for
further details.
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Appendix A. Definition of the flame surface density

In the definition ofZy, given in eq.[(I}W), the isosurface arédg, was normalized by the total volume of the flame
brush,é7L2. Individual isosurfaces, however, do not occupy all of thidume. For instance, this is the case for
isosurfaces o = 0.05 andY = 0.95, which are used to specifif in egs. [9){(1D), simply because, by definition,
they are separated at least by the full flame witithor a larger distance if the flame becomes broadened. In sar ca
I ~ 25, (see Fig. 7 inl[11]) is a substantial fractiond&f. Consider Figl 2. It can be seen that neitherthe 0.05,
nor theY = 0.95 isosurface extend over the full width of the flame brush, they indeed occupy a smaller volume.

In order to consider this more quantitatively, we defipgax andz; min by analogy withz min andz max (€q.[10),

Zomax = MIN@) 1 Y(X,Y,2) > 0.05V (X,Y.Z> Zomay):

Zumin = MaxQ) : Y(x.y.2) < 0.95Y (X . Z < 21 mi). A1)

In other wordszymax is thez-coordinate of the rightmost cell with pure product, wtile,n, respectively, is the-
coordinate of the leftmost cell with pure fuel. Therebyytleffectively measure the furthest extent of product and fuel
penetration into the flame brush. Given the definitiong@f, andz; max (€9.L10),zomin andZpmax bound the volume
confining theY = 0.05 isosurface, whil&; min andz; max bound theY = 0.95 isosurface. 121 min < Zomax these two
variables bound the region of macroscopic mixing of product fuel in the flame brush, i.e., the region in which both
pure fuel and pure product can be found. On the other handesamax < z1.min €Xist only in a weakly wrinkled
(nearly planar) flame. Fi@l 2 provides the illustration dffalir of these quantities.

Next, we define the position of the turbulent flame brush as

7r = Z0,min ; Zl,max. (A2)

Modified Z max @andZ; min are then defined adfsets 0fzymax andz min With respect tar normalized byst, namely

~ Zomax— ZT - 23 min — Z1
Lmax= — > 4mn=— . (A.3)
oT oT

Thus, Zp max and 7y min are the relative measure of the extent to which pure fuel amd product penetrate into the
flame brush. It follows from the definitiof_(A.3), that bothamtities take on values in the intervald.5, 0.5]. For
example, in a planar laminar flame, they are constant withx = —0.5, Z1 min = 0.5. In the turbulent flame brush,
Zomax = Z1.min = 0 would indicate that both fuel and product reach the midpafithe flame brush, they are confined to
the left and right halves of the brush, and there is no maogpisenixing of fuel and product. This would correspond
to a weakly wrinkled flame. lzgmax = 0.5 andZj min ® —0.5, then both pure product and pure fuel can be found
throughout the entire volume of the flame brush.

Fig.[B-19 shows the evolution @ maxandZi min for simulations S1-S3. In all cases, both parameters ebfaibly
similar behavior oscillating around zero. As the systen@g) it undergoes recurring transitions between periéds o
enhanced fuel-product mixing and episodes of their neapteta separation when the turbulent flame becomes more
planar. The correlation between these quantities&nis less prominent compared, for instance, with that between
Ay andSr, although it is possible to associate some peaks and traitfhghe corresponding changessa.

It follows from Fig.[B-19 that throughout the course of theslation, both theér = 0.05 andY = 0.95 isosurfaces
indeed occupy regions smaller than the full flame-brushmeluThis is also the case for other isosurfaces (cf.[Fig. 2).
Consequently, an argument can be made that when calcultingormalization should be performed not over the
full volume of the flame brush, but rather over the respecid@me bounding a given isosurface. For instance,
for Y = 0.05, this volume is Zymax — Zomin)L? = (Zomax + 0.5)67L2, which would introduce an additional factor
1/(Zomax+ 0.5) in eq. [I#). Such definition &y would be a more accurate measure of how tightly a given isasair
is folded. Fig[B.IP shows that, on averaggyax ~ 0 and, thus, th¥ = 0.05 isosurface is confined to about half of the
total volume of the flame brush. Therefore, such modified d&finwould result in approximately twice higher values
of Xy. Ultimately, however, we are interested in determining lo&overall flame, rather than individual isosurfaces,
is folded inside the flame brush since only the flame as a whadealtual physical significance. Consequently, the
uniform normalization over the total volume occupied by flaene appears to be a more physically grounded choice.

Further motivation for our choice of normalization in thdidiion (I4) ofZy comes when we consider h@gimax
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andZ; min would change for larger system sizes. SinceYhe 0.05 andY = 0.95 isosurfaces are always separated at
least by the full width of the flaméy, then

Zimax— Zomax 2 |Fs  Zimin — Zomin 2 IF. (A.4)

Using egs.[(9),[{A]2), and (Al 3), and the fact that in our egsli- ~ 26, inequalities[(A#) can be transformed into
the following conditions which must be satisfied at each muiriretime,

26 26
Zomax < 0.5 — 5_L’ 1 min > —0.5+ 5_L' (A.5)

~

T T

Horizontal dashed lines in Fig. B9 show the average Imgifh max andZ; min based on the values 6f /5, listed in
Table[4 for each simulation. In particulas,max must be< 0.4 while Z; min must be> —0.4, which closely agrees with
the data shown in Fig. B19.

It was discussed i thatdr increases with the turbulent integral scale, or, equivblewith the system
size and energy injection scale [11, 5]. It then follows fremq [AB) that asit/5. — oo, then limiting values
of Zgmax — 0.5 andZymin — —0.5. Therefore, in larger systems, &s becomes large in comparison wigh, the
volume bounding each isosurface becomes well approxintgtéide total volume of the flame brush. Consequently,
in the limit of large values oft, the uniform normalization for all values &fin eq. [I4) becomes equivalent to the
normalization by the actual volume bounding a given isasef

Appendix B. Induction time for the planar laminar flame

Fig.[B.20 shows the distribution of induction timag, calculated using the procedure describe$ldnl, through-
out the planar laminar flame. The solid red line correspoodké fuel temperaturé, = 293 K and densityy (see
Table[2), while the dashed red line was obtained for the hifil temperature 320 K and the same density. The
second temperature reflects theeet of fuel heating by turbulence in the course of the sinraf§ [2.2).

For comparison, we also show the adiabatic induction tirflg, calculated using eql_(R0) based on the exact
planar laminar flame solutions. Solid and dashed line cpomd, respectively, to the same fuel temperatures as for
Ting. Overall, throughout the reaction zone, i.e., 1= 0.2 - 0.6, 7ing andrg,, differ by less than a factor of 2.
Moreover, near the peak reaction rate, i.eYat 0.2, and at the boundary between the reaction and preheat,zones
i.e., atY ~ 0.55,ting andrf, , become virtually equal. Inthe preheat zone, however, tiegyrito diverge substantially.
This is to be expected, sine, considers only self-heating of a fluid element by chemicattiens and neglects the
diffusive transport of heat, which is dominant in the preheaézon

Despite the reasonable agreement in the reaction zonedretyeandr, ,, 73 , should not be viewed as a model
of 7ing, but rather as a useful approximation. In particular, Eig@shows that? , does not capture the correct shape
of the distribution ofring. Thering increases more slowly at larggrthant, ; since slower heating of a fluid element
by chemical reactions is partially compensated by the farglx of heat due to the thermal conduction. Sing
does not account for this, its rate of growth withs larger in the outer regions of the reaction zone. At theestime,
since energy balance of a fluid element in the reaction zostllislominated by self-heating rather than by thermal
transportz2 | remains close to the actual value of the induction time gbeting.

We also show in Fig._B.20 the characteristic reaction tim&,, defined based on the reaction rate (éq. 8) and
neglecting the change in the fuel concentration,

Treac(Y/) =

p’lB exp( R?" ) (B.1)

Similarly to7 ,, T andp’ for a givenY” are determined from the exact planar laminar flame soluton®sponding
to the fuel temperaturé = 293 K (solid line) and 320 K (dashed line) and denggyUnlike 72 ,, which is typically
applicable in the context of an autoignition process, thiardity is often used to approximate the induction time in
the flame. Nonetheless, for &I> 0.15, 7reac provides a less accurate approximationgf thant?, ;.

Finally, blue circles show the correlation time lagfs calculated in§ [4.1. There is close agreement betweén

and bothring andzf, ;. Furthermore, when fuel heating is taken into account (@déihes), all three quantities become
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Figure B.19 Evolution of the normalized maximum extentsmiduct and fuel penetration into the flame braghax

andZ min (sed Appendix_A for the definition and FIg. 2 for the illustoaf) for simulations S1 (a), S2 (b), and S3 (c).
The Zymax is shown with red linezimin — with blue line. Shaded regions mark the extent of macrdsaojxing of
pure fuel and product inside the flame brush. Horizontal dddimes show the average limiting valueszgf,ax and

Z1 min given by the conditior {A]5) and calculated using the vabfe%: /6, listed in Tabld4.

even closer.
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Figure B.20 Distributions of the actual induction timegg, adiabatic induction times;? ;, and the characteristic
reaction timessrea, in the planar laminar flame. Also are shown the correlatiore lagsAt. (cf. Fig.[8). Red
circles show the calculated valuestmf;, red lines are the Akima spline fits. Green and black linesasmnt eqs[(20)
and [B.1). Solid lines correspond to the fuel temperaliye- 293 K, dashed lines to 320 K. Shaded gray region
shows the distribution of the reaction ra¥g,in the exact laminar flame solution normalized by its pedie/snax =
9.5x 10* s'L. The vertical dashed line indicates the region of peak i@acate. The horizontal dashed line indicates
equality between the induction time and the large-scalg @gthover time r.q, during which turbulence completely
reorganizes the turbulent flame structure.
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