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Abstract

Multiple flame-flame interactions in premixed combustioa mvestigated using
Direct Numerical Simulations of twin turbulent V-flames forange of turbulence in-
tensities and length scales. Interactions are identifiedywsnovel Automatic Feature
Extraction (AFE) technique, based on data registrationguie Dual-Tree Complex
Wavelet Transform.Information on the time, position and type of interactioasd
their influence on the flame area is extracted using AFE. Chexiatic length and
time scales for the interactions are identififithe dfect of interactions on the flame
brush is quantified through a global stretch rate, definetl@sum of flamelet stretch
and interaction stretch contributions. THeeets of each interaction type are discussed.
It is found that the magnitude of the fluctuations in flametet ateraction stretch are
comparable, and a qualitative sensitivity to turbulenceyle scale is found for one

interaction type. Implications for modelling are discukse
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1 Introduction

Lean premixed combustiorffers much potential as a method of reducing emissions
and increasingf@ciency in combustion systems, but accurate modelling difutient
combustion in this mode remains challenging. The sensitofithese flames to small
fluctuations in temperature or composition, and their Soisodity to thermo-acoustic
instabilities present eliculties to the modelling and design of lean combustion sys-
tems. The role of flame interactions in turbulent premixechéla, although recognised
as important (Borghi, 1990; Burluka et al., 1997; Kerst@02), is not well under-
stood at present.

The loss of flame due to flame interaction is an important cesigsideration for
lean combustion system&.number of studies have identified flame-flame interactions
as one of the leading causes of combustion induced noisenimda (Schuller et al.,
2002; Candel et al., 2004; Talei et al., 2012) and turbulBatgchandran et al., 2005)
flames. The flame’s sensitivity to the local thermo-chemstate can also lead to
thermo-acoustic instabilities due to coupling betweenptessure perturbations and
rate of heat release (Balachandran et al., 2005).

In addition, novel low-emission modes of combustion suctM#sD (Moderate
or Intense Low-Oxygen Dilution), in which partially preneict reactants and pockets
of exhaust gases are injected into the combustion chambgedbe ignition temper-
ature, show indications of flamelet type structures whictlemgo large numbers of
flame interactions (Minamoto et al., 2011). In all of thegaaions, flame interaction

phenomena need to be better understood to help model devehap

Flame-flame interactions can be broadly categorised asreitbrmal or counter-

normal, where the flame normal is defined as positive in thection of the fresh



gases. Normal interactions occur when flames approach atlearin the direction of

propagation of the flame surface, and counter-normal iatierss occur where turbu-
lent straining acts to bring flame surfaces together agthiest propagation direction.
In previous studies (Sohrab et al., 1984) these are comnmefdyred to as upstream
and downstream interactions respectively, however, griminhology is avoided here
to prevent possible confusion with the mean flow field.

For most configurations, normal interactions are more peevéhan counter-normal
interactions due to the kinematics of the flame, but the gu&of both is similar - a
rapid change in flame surface area and therefore the loeabféieat releaséNormal
flame interactions in simple one-dimensional geometrie® teeen studied numeri-
cally using detailed chemistry (Echekki et al., 1996; Sud baw, 1998).Chen et al.
(1999) provide a detailed description of a single turbudegenerated normal flame
interaction and pocket burn-out (where a pocket of freshigasnsumed) using two-
dimensional DNS with complex methane-air chemistry. Giaesuitably defined iso-
surface within the reaction zone, three phases of the ndanteahction process were
identified: firstly, merging of the thermo-@lisive layers leading to the formation of a
critical point where the isosurfaces meet and scalar gnéglilmomentarily go to zero,
resulting in the formation of two cusps and a pocket of fresh dgrollowing this critical
point, the highly curved cusps then retract into the fresdegand the flame elements
return to a flamelet type structure. The last phase, pocketdut, follows a similar
pattern to that of the initial merger but with gradually ieasing curvature adding to
the final accelerationAccording to the study of Chen et al. (199%)e shortest time
scales for the initial interaction process - correspondnthe final stages of merger
and the initial cusp recovery - are of the order of 1% of theatizristic laminar flame
time, and so present a considerable challenge to numendagxgerimental investi-

gations.



Counter-normal interactions have been investigated axpetally and numeri-
cally for stationary flames in an opposed jet configuratiavh{8b et al., 1984; Lee and
Chung, 1994; Kostiuk et al., 1999), and single events haee béserved in unsteady
DNS calculations (Hawkes and Chen, 2004). In general, adgteounter-normal in-
teractions result from incomplete combustion of the plytlzurnt gases in the region
between two flame elements brought together by the surrogndibulent strain field.
This gradual extinction means that counter-normal inteyas occur over longer time
scales than normal interactions since they lack the flameleetion and enhanced

burning associated with the latter.

Central to the problem of studying multiple flame interastids the ability to reli-
ably extract information on individual interaction evefrtsm an unsteady flame sim-
ulation or experiment. In this paper a methodology is idettj described and applied
to data produced using three-dimensional direct numesinallation (DNS). The spe-

cific objectives of this study are:

1. To conduct DNS in a novel twin V-flame configuration, whicbhydes a degree
of control over the frequency of interactions in the centegjion of the flame

brush.

2. To apply a novel post-processing technique based on tlaéDae Complex

Wavelet Transform (DT-CWT).

3. To gather improved understanding on the type of flameantems, their statis-

tics and their contributions to either loss or gain of flamdeae area.

The modelling of theseftects is not attempted here and will be addressed in future.



The single V-flame configuration has been extensively stydieth experimen-
tally (Shepherd, 1996; Anselmo-Filho et al., 2009) and nucady (Bell et al., 2005;
Domingo et al., 2005), and so provides a well understood baskguration that can
be readily extended to study interacting flames, and agaimsth the interacting flame
data may be compared.

In contrast to previous DNS studies on flame interactioresfabus here is on un-
derstanding the combineéfect of multiple, transient interactions in three-dimensio
and on quantifying their role in the production or destroictof flame surface area. It
should be noted that although the flame configuration clgdgys an important role
in determining the probability of éfierent types of interaction occurring, we presume
that the individual interaction structure and progressigependent of the flame ge-

ometry, and therefore applicable to all flow configurations.

This paper is organised as follows: In Section 2, detaildhefdimulation param-
eters and numerical methods are introduced. In Sectiore3Atiiomatic Feature Ex-
traction (AFE) technique, used to identify and extract infation on individual flame
interactions is described. Results are presented in Settibeginning with the phys-
ical and temporal distribution of the interactions in ralatto the mean flame brush.
In Section 4.5, the relations between flame interactionscaaages in flame surface

area are discussed. The conclusions are summarised i0BBcti

2 DNS Database

A schematic diagram of the twin V-flame configuration is shamwingure 1. All flames

in this study were simulated using the DNS code SENGA2, amwmecdd version of



SENGA1 (Jenkins and Cant, 1999). SENGAZ2 solves fully cosgibde conserva-
tion equations for mass, momentum, energy Bnd 1 chemical species on a uniform
Cartesian gridyhereN is the total number of chemical specigs10" order central
difference scheme is used for interior spatial derivatives a4iti @der Runge-Kutta
scheme advances the solution in time. Full details of thegomg equations and nu-

merical implementation can be found in Dunstan et al. (2011)

Chemistry is approximated by a single-step irreversibtgbgl reaction between
reactants and productsl = 2), and the thermo-chemical state of the system is fully
described by the progress variabdewhich varies monotonically from O in the fresh
gases to 1 in fully burnt products. The reaction rate has ahekius form with non-
dimensional activation temperatyge= 7.13. Although much of the chemical com-
plexity of premixed flames is omitted by using a single-segtion, it is an appropri-
ate level of description for the phenomena of interest hResults obtained with this
approximation represent a generalisation of many possin@ositions and, within
the scope of this study, the results will therefore be applie to other flames that con-
form to the thermo-chemical parameters used in this studgs& parameters are sum-
marised in table 1, and are representative of a lean, pethégdrocarbon-air flame
with unity Lewis number. The laminar flame thermal anéfudiive thicknesses are
respectivelysy, = 1/maxVc|, andé = D/s_, whereD is the temperature-dependent
diffusivity of ¢ and s_ is the unstretched laminar flame speed. = 6y/S. IS the
laminar flame time scal€l;, is the temperature of the fresh gases at the inlet, and
7 = (Tag — Tin)/Tin is the heat release parameter wheggis the adiabatic flame tem-
perature. Although the value ofr = 2.52 used in this study may appear low, it is
typical for gas turbine combustion (Jones, 201f)the rest of the paper all quantities

are normalised appropriately using these flame parameatedghis is indicated by the



superscript.

At the flame holders, shown in Figure 1, the mass fractionsetr¢o equilibrium
product valuegc = 1) and the velocity components are restricted to their meaat inl
values through a Gaussian weighting function with an apprate radius ofRs,, ~
1.166y, as discussed in Dunstan et al. (2011). The flame holdersamitigned at
x* ~ 3.5 in all cases. The flame holder centre-to-centre separaidf, ~ 5.8.
Following preliminary studies in two-dimensions, it wasifa that within the central
region of the domain the two flame branches remain minimallyatated as long as
dih > lo, Wherelg is the integral length scale of the turbulence in the regiosecto
the flame holders.

The influence of the flame holders on the statistical propemif the flames di-
minishes rapidly with downstream position. Previous itigegions of single V-flames
in three-dimensions (Dunstan et al., 2011) have shown ihaeb in the distributions
of surface-conditioned tangential strain rate and cureabecome negligible after a
mean-flow convective time of.@r;. In the current simulations this corresponds to
streamwise positions” > 10.1. The relative influence of the flame holders will also
diminish with increasing turbulence intensity, and so tidikely that any significant
influence remains within the regions of interest for the flaqpresented here.

It should also be noted that no energy is added to the flow iodlrent implemen-
tation, and super-adiabatic flame temperatures cannot scwe equi-dfusive trans-
port is assumed. Furthermore, no boundary layer is formednak the flame holder,
and hence, no significant shear-generated turbulence witald otherwise produce
strongly non-isotropic and inhomogeneous turbulence itiong downstream. While
it is recognised that including thesfexts would more accurately reflect real V-flame

behaviour, the intention here is not to recreate specifieexygental conditions but to



investigate the interaction process in a more general sense

The boundary conditions on all non-periodic faces are basetlavier-Stokes
Characteristic Boundary Conditions (NSCBC) (Poinsot aelé]1992). On the down-
stream and transverse faces the standard outflow NSCBC nmeplation has been
modified to accommodate the strong transverse gradientsarde terms generated
by the flame (Sutherland and Kennedy, 2003; Yoo and Im, 20Qisin et al., 2011),
which ensures that stability and accuracy are preservelg athowing unsteady flame
elements to cross the boundart the inlet, velocity components are interpolated
from precomputed fields of fully-developed homogeneousagac turbulence at the

desired turbulence intensity.

The domains have sidés = 29.7 in the streamwise directioh,; = 14.9 in the
transverse direction, and = 26.0 in the periodic directionThe grid resolution for
cases TV06 and TV10 isl, = 672,N, = 336 andN, = 588, and for case TVFS is
Ny = 684,N, = 342 andN, = 589, giving a maximum (diagonal) grid point separation

which is less thaid;,/13. The time step was fixed at1078 s.

Three cases are considered; two with fixed integral lengilesand diferent tur-
bulence intensity, and one with fine scale turbulence, asrsansed in Table 2, where
u’, is the inlet rms velocity fluctuation, arlglis the integral length scale in the frozen
turbulence. The Karlovitz number is estimated fréfa ~ (ui’n/sL)%(Io/(S)‘%. The
turbulent Reynolds and Damkdhler numbers Beg = U/ lo/v andDa = 7,,/7; re-
spectively, where is the kinematic viscosity of the fresh gases apd= lo/u;,. The
turbulence parameters chosen in this study are intendexiplore the sensitivity of

flame interactions to changes in both turbulence intensitytarbulent length scale.



The regimes of turbulent combustion typically encountenell engines and gas tur-
bines are successfully mimicked in the current simulatibng/ever, it should be noted
that the turbulent Reynolds and Damkohler numbers founeldhsystems are typically

larger than those achieved here.

All simulations are run for two complete flow-through tim&s; ~ 3.6, and only
data from the second flow through time are used for analysiguifher ensure that
all initial transients have decayed and a statisticallyiatary state has been reached,
global properties such as the total product mass fractidri@al turbulent kinetic en-
ergy within the domain are tracked to confirm that they no &ngary significantly
with time. In order to accurately reconstruct the interaction histenapshots of the
progress variable field were dumped at intervals\tf = 0.023. As noted in the
introduction, the shortest relevant time scales for norifaahe interactions based on
changes to the displacement speed of an isosurface are afd&eQ01r¢, which re-
lates to both the final stages of isosurface merger, and itied 8tages of cusp recovery
immediately following the merger (Chen et al., 1999). Chesp the heat release rate
occur over slightly longer time scales however - of the ofed.03r;. The present
sampling time interval of @23r; is therefore sfiicient to capture all such events, and
the sensitivity of the results to this sample interval idssed in more detail in Sec-

tion 3.1.

3 DataAnalysis

Mean flow variables are obtained by time and ensemble avegagsing 32 evenly

spaced snapshots in time and all points in the periodic wirec For any variable
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whereS andN, are the total number of snapshots in time, and nodes in thedier
direction respectively. In reacting flow simulations it #em more convenient to con-

sider the density-weighted or Favre averag®afefined byQ = pQ/p.

For even the simplest fuels, the interaction between twmpeed flame elements
is a multi-stage process involving widelyfidiring time scales, as described in detail
by Chen et al. (1999). In attempting to quantify the cumutadétect of a large number
of these interactions, a degree of simplification is nesgsamad this is achieved here
by reducing each interaction process to a discrete evems. slinplification makes it
possible to allocate a precise time and position to eachactien, and the frequency

and distribution of these interactions can then be invateiy

To this end, we consider the topology of a single isosurfdtieeoreaction progress
variable att = 0.8, which is close to the point of maximum heat release in thetren
layer, and is therefore most closely associated with chairgthe rate of heat release
and the preservation of a flamelet type structure. Duringtime of the simulations
the progress variable field is binarised around this valdesaned for subsequent anal-

ysis using Automatic Feature Extraction (AFE) which is dimd next.

3.1 Automatic Feature Extraction

When considering only a single isosurfacecpthe extraction of flame interactions is

equivalent to identifying topological changes in the istete between snapshots at

11



timet; andt;,;, wheret;;; = tj + At. One way this can be done is by calculating certain
topological invariants at successive time steps. For alsisyrface embedded in a
three dimensional field, these invariants, known as the Bethbers 3, (Carlsson,
2009) have an intuitive interpretatiofy is the number of connected componepfiiss

the number of tubes or tunnels, giglis the number of isolated pockets. The number
and type of interactions taking place within the interval taen be described entirely
by the changes to these numbers, provided care is taken imdexooundary gects.
However, such an analysis does not provide any informatiothe location of indi-
vidual interactions within the domain, or on the magnituéléhe interactions, where
the magnitude in this context refers to some measure of thiegehin surface area, or

volume enclosed by the isosurface.

To provide this additional information an alternative teicjue known as data regis-
tration is used. The specific method used in this study, deeel by Chen and Kings-
bury (2012), does not operate on the raw data directly, bsit tiansforms the data
into the wavelet domain using the Dual-Tree Complex WavBiahsform (DT-CWT)
(Kingsbury, 2001). The data registration procedure, aedrétevant features of the
DT-CWT are outlined in the remainder of this section. Data#n be found in Chen

and Kingsbury (2012) and Kingsbury (2001).

The topic of wavelet methods in fluid mechanics is a large apdmding field, and
a complete description is beyond the scope of this paper. ol garoduction can be
found in Schneider and Vasilyev (2010), and for combustiaiblems in particular in
Prosser and Cant (2011).

In general, wavelet decomposition involves a repeatedalatien operation be-

tween an input function and an analysing wave form, and mrspect shares many

12



similarities with the more widely used Fourier transform.cbntrast to Fourier meth-
ods, however, the wavelet transform uses spatially compacelet functions which
enables some of the spatial information to be retained alotigthe decomposition in
wavenumber space.

The DT-CWT improves on the standard wavelet transform byleyimy complex
valued wavelet cd@cients to overcome certain well known deficiencies in theddad
methods (Selesnick et al., 2005). For current purpose®)THEWT transform can be
regarded as a multi-scale, spatially resolved descriptiothe original data, which
allows the orientation of features to be determined to widpproximately 2 degrees
(Romberg et al., 2003) and enables features to be trackedeetrelated data sets

using the phase relations between thefitcoents.

Once the data have been transformed into the complex walaheain, the data
registration process proceeds through the constructianm@nsformation matrix that
describes the translations and deformations that haverectbetween the two data
sets att; andt;,; whilst allowing for topological dierences (Chen and Kingsbury,
2012). This is an iterative process that begins at the lafgesrsest) scale of the
transform and moves through successively finer scalessattfifactory alignment of
the datasets has been achieved. In the present contextdhissithat theféect of the
first iteration is mainly to compensate for convection of tlaene by the mean flow.
Due to the relatively high streamwise mean velocity thig ftesation will effectively
be a solid-body translation of the entire data set at the rmdanvelocity u;,,. Having
applied this first correction, subsequent iterations vhiéirt act on the smaller scale
differences due to turbulent straining, curvature, and prajmamgef the flame surface.

Key to the successful application of this technique in thespnt context is its

ability to identify interacting regions and exclude therarfr the construction of the

13



transformation matrix. This is achieved by applying a wéigdnsystem to the trans-
formation parameters based on the correlation betwees pivavelet cofficients at
each time step. In this way a low weighting will be given torpaif codficients where
a feature (such as a flame surface element) exists only infdhe data sets, as would
occur due to annihilation of flame elements following int¢i@n. The specifics of this
procedure for the current application are discussed inghm@imder of this section. A
flow-chart summary is given in Fig. 2, and an example of thecgdare applied to

two-dimensional test data is shown in Fig. 3.

The AFE procedure used here comprises three principal stdfjethe binarised
c field data from two successive time stepg;andt;,; (Fig. 3a), denoted; and
¥, respectively, are transformed into the wavelet domainth@)wavelet cogicients
at successively finer levels of resolution are then used stoact the transformation
matrix, described above, which is then applied to the sodata set\¥;, to align it
with the target data se¥;,;, to produce the registered data 3€t(Fig. 3b); (3) a
series of logical operations is then applied to the data aetlfj and‘¥;.,: first, the
set-theoretical dierence® = ¥;,; — ¥;, is obtained, which represents the change in
burnt gas volume that has occurred over the interval (Fig. Bbe change in flame
area associated with is then found by extracting the subsgtrepresenting the edge
points of®. The se is then conditioned on the data seks,, and'¥| respectively, to
determine whether the points ¢noriginate from the data dt or t;,;. The diference
between the resulting conditioned data sgts; ¢ N Y] and¢i.1 = ¢ N ¥,1 therefore
represents the change in flame area that has occurred betwesst; andti ;. In
practice, the alignment of the datasets is not perfect amtheo conditioning is carried
out it is necessary to include a tolerance of 2-3 grid pom&ny direction. Due to the

high resolution of the flame, however, this has a negligilfiect on the flame area

14



estimate.

Since the contributions to the area change from convectidarbulent straining
are removed by the alignment andfdrencing operations described above, the gets
andg¢;,; represent the changes in area purely due to the topolodiaabes caused by

flame interactions.

Information on the time, position and type of interactioas also be derived from

the AFE data:

e The precise time of occurrence of each interaction withiinéerval At cannot
be known exactly. However, it can reasonably be assumedivetall, the inter-
actions will be evenly distributed throughout the intesyand so the midpoint

t =t + At/2 is taken as the time of interaction in all cases studied.here

e The spatial location of the interactions can be approxichatetaking the av-
erage position of all points in the sgtassociated with an individual interac-
tion; which is equivalent to calculating the centroids of #xtracted burnt gas
regions ind. Assuming that the flame surface retracts approximatelynsgim
rically about the interaction point, this provides a gootineate for the actual

positions of the interactions.

e While the exact type of interaction could in principal beetatined automat-
ically from ¢, for example by calculating the topology of the flame elerment
before and after merger, or by tracking the changes in flammaals, in practice
it was found that simple inspection of the extracted datavigexl a straight-
forward and unambiguous method for the flames studied hestail® of the

interaction types and their identification are given in #ectl.1.
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There are some inherent uncertainties in the above mettaicstiould be kept
in mind, and these come from two main sources: the first is duaéccuracies in
the data registration scheme, and to the approximationsa@nces introduced in
estimating the change in flame areaf, from the data set¥; and¥;,;. The second
arises from sensitivity to the sample intervdl The first source is relatively minor
since the registration scheme is iterative and thus it careae any desired level of
accuracy.

The more fundamental source of uncertainty is the senyitifithe extracted data
sets to changes in the sample interial Clearly, when trying to characterise a tran-
sient process using discrete samples of the data there iglhdefined 'correct’ value
for this interval. However, much of this sensitivity can h@iged by considering the
global stretch rateK = (dA/dt)/A, whereA is the total flame area within the sample
region at a given time, rather than the absolute area chamge the time increment
is then automatically taken into account in the denomindbatails of its use in the
current context are given in Section 4.5.

In spite of this, some sensitivity bt is still expected irK, since the area changes
associated with interactions are non-linear. An appro@ralue ofAt must therefore
be chosen, and since the aim of this study is to examine thdlamelet contribution
of flame interactions, this remaining sensitivity can beimised by considering the
time scale analysis conducted by Chen et al. (1999). In thidyst was found that
the time scale over which 95% of the increase in the heatgselegte occurs during
interaction is of the order.03r¢. Using this as an indicator for the time scale over
which non-flamelet like behaviour occurs, a reasonablecehiair At for the purposes
of extracting non-flamelet contributions would therefoeg\b < 0.03r¢. Larger values
than this will include changes in flame area that are causatbhyal turbulent pro-

cesses such as straining and curvature. Smaller valueslWwewcceptable but rapidly
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become computationally prohibitive, and would requiret tiegults are summed over
a number of intervals to estimate the total contributione phesent values of. @2r¢

therefore represents a compromise between these two.limits

4 Results

A snapshot of the = 0.8 isosurfaces overlaid with contours ofis shown in Fig.
4a for the flame TVO06, which illustrates the typical scalesvahkling and the rela-
tion between the instantaneous and mean progress varialle fBased on the inflow
turbulence characteristics, all the flames in the curretaldese fall within the Thin
Reaction-Zones (TRZ) regime according to the modified regdiagram of Peters
(2000). In this regime, Kolmogorov scale eddies are ablesteefrate and distort the
preheat zone of the flame causing significant wrinkling offthme front, but are un-
able to significantly disrupt the inner reaction layer. Asewbabove, these estimates
are based on the turbulence properties at the inlet, andpsesent the upper limit
of the expected regime. Figure 4b shows the decay td along the centre-lines
(y* = 7.44) for all the flames, and it can be seen that the actual teinioel experienced
by the flames is considerably lower than the nominal inlet@s] particularly for the
rapidly dissipating fine-scale turbulence in TVFS. Howewesual inspection of the
progress variable fields has shown that the TRZ regime is d description of the
flame. Even in the highest intensity case where the flameasgly stretched by the
flow, breaches in the reaction layer are caused only by ictieres and not turbulent
stretching. Exceptions to this are counter-normal typeradtions to be discussed be-

low.
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4.1 Interaction Types

From the current database four distinct interaction tyaeste identified according to
the local topological changes. These are shown schenmigticdfig. 5. As noted in
the introduction, a first distinction can be made betweemaband counter-normal
interaction types: The flame normall, defined as positive towards the fresh gas,
N = -Vc/|Vc, indicates the direction in which an unstrained planar temilame
will propagate relative to the surrounding fluid. Normaleirgction therefore refers
to cases where flame elements approach one another in tiotiadiref propagation,
whereas counter-normal interaction describes cases iihare elements are brought
together against their direction of propagation by the@urding strain field. Normal
type interactions can be further divided into three sule$ygonvex-normal (CX), tun-
nel closure (TC), and pocket burn-out (PB). In Fig. 6, exasf the extracted data

setsp; andg;,; obtained using AFE for each interaction type are shown.

For the current database this categorisation is compldteeisense that all inter-
actions that occur can be unambiguously assigned to onesd ttategories. It should
be noted that while it is theoretically possible that TC aBlt{oe events also occur
in the counter-normal direction no such events were obdarvéne simulations pre-

sented here.

The reason for using this method of classification comes fronsidering the dif-
ferences in the local stretch rate experienced by the flaeraasits before and after
merger occurs. The local stretch rate of an isosurfgasn be written ag = ar + §C,
wherear is the tangential strain ratgy is the propagation speed of the isosurface in
the flame normal direction, ard = V - N is the total curvature, defined as positive

when the flame is convex towards the fresh gas. The stretelisratleading order pa-
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rameter in determining the displacement spggaf a flame element. For small stretch
rates the displacement spegdraries approximately linearly witk (Williams, 1994),
whereas for high stretch rates, such as those induced mgsttovature, the response
of the displacement speed can be highly non-linear, paatigufor fuels with non-
unity Lewis numbers. For the purpose of understanding fileets of interactions, it is
therefore important that the method of classification réfldte underlying dierences
in the strain and curvature experienced by the isosurfaces.

It can be seen from Figs. 5 and 6 that each interaction typdeassociated with
distinct curvature characteristics of the flame elemerits pop merger. These curva-
ture characteristics can be described most succinctly bgidering the two principal
curvatures of each flame element (Pope et al., 1989), wheaxé-ve) values indicates
convex (concave) curvature towards the fresh gases. Fhraédloe interaction types,

the following points can be made:

e CN (counter-normal): Quasi-1D interaction. Principal cuwvas -ve, -ve. Weak
or weakly negative principal curvatures due to the kineastoration of the

flame. Hfects of tangential straining are dominant.

e CX (convex-normal): Quasi-1D interaction. Principal cuwrat +ve, +ve.

Both curvature and tangential straining can be significant.

e TC (tunnel-closure): Quasi-2D interaction. Principal cuwas -ve,+ve (or
~ 0). Increasing negative first principal curvature domisdtee stretch rate

prior to merger.

e PB (pocket burn-out): Fully 3D interaction. Principal cuneds -ve, -ve. In-
creasing negative curvatures in both principal comporgdmtsinates the stretch

rate prior to merger.

19



In all types except PB interactions, large curvature magieis follow cusp forma-
tion (either positive curvatures for CN interactions or &ige curvatures for CX and
TC interactions) and so will also determine the flame behaatter isosurface merger
has occurred. Curvature is therefore the key factor detengithe rate of change of
flame area at all stages of the interaction process. The mhethdassification pro-
posed here therefore provides a simple and unambiguousothefrcapturing these

differences without the need to directly evaluate local cureatu

4.2 Position of I nteractions

Figure 7 shows the positions of all interactions occurririthin the simulation period
collapsed on to th& — y plane, together with contours of the Favre-averaged pssgre
variable,c; for all cases.The diferences in turbulence intensity and length scale be-
tween the cases are reflected in ¢Heelds. Studies of single turbulent V-flames under
comparable conditions to flames TV06 and TV10 have showntligatjrowth of the
flame brush downstream of the flame holder is well describesimple Taylor type
turbulent difusion (Dunstan et al., 2011). The flame TVFS, however, doefotow
this trend: the local turbulent time scales along the cdirtesare similar to the flame
TV10 (see Section 4.3 below) and so the flame should displayitasrate of growth

of the flame brush thickness if the Taylor hypothesis holdsthls case, it appears
that since the turbulence length scale for the flame TVFS &lqr 6y), the energy
containing eddies are unable to strain and curve the flanmé¢ &oédfectively as in the
flames TV06 and TV10, and in addition will be more rapidly ¢ssed due to viscous
effects. This results in a more weakly perturbed, and therelokeer, turbulent flame

than the turbulence parameters might suggest.
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It can be seen that for all flames the majority of normal irdBoams occur in the
central region of the domain where the two flame branchesacteas anticipated. In
contrast, all CN events are located in the wakes of indivilame holders. Counter-
normal interactions can only occur when strong compressiveal strain rates persist
over a stficiently large space and time to include two individual flamoafs, and have
suficient magnitude to overcome thexts of normal flame propagation and dilitation
due to heat release. It is probable that these conditionsea¢ed by pairs of counter-
rotating vortices on either side of the flame, and are theeefomewhat dependent
on the geometry of the flame holder; in this case on the flam#gehaliameter which
determines the proximity of the flame fronts immediately detveam, and hence the

likelihood of CN interactions.

Two features of the distributions of the normal interacsion Fig. 7 are worth
noting. First is that despite the filerences between the distributions of the interactions
in physical space for each of the flames, the distributiorisspace are very similar,
with the most likely position for CX type interactions ocauag close to the middle of
the flame brush for all the flameshis is illustrated in Fig. 8 which shows the number
of interactions of each type that occur within equally-gzhbins ofc. The reason for
this clustering of CX interactions arourd="0.5 can be understood by considering the
definition of the Flame Surface Density (FSR),_qg, Which represents the expected
amount of flame area per unit volume at a given locatiba.os = (|VCle_qg)P(C),
where P(c*) is the probability of findingc* = 0.8 at a given spatial location (Pope,
1988). The mean conditional gradiefg|.._q g, does not change significantly through
the flame brush, and . g is determined principally by the probabiliB(c*). For
all the flames presented here the valueZptyg and thereforeP(c*) peaks around

¢ = 0.5 (not shown), in agreement with many previous results fandéisin the thin-
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reaction-zones and corrugated-flamelets regimes (DF@08). The probability of
flame interaction can be viewed as the joint probability af statistically-independent
flame elements occupying the same region at the same timspahuhay be expected
that interaction activity follow&._og provided the flame branches are statistically un-
correlated. For the present flames, the statistical indigo®se of the flame branches
is maximised by ensurinky/d¢, < 1, whereds, is the flame holder separation shown
in Fig. 1. It is important to note, however, that as the flamgsr@ach one another
they begin to experience the same flow field regardless af ithigal separation, and

so complete statistical independence cannot occur inipeact

The second important feature of the distributions in Figand 8 is the separa-
tion between the clusters offtkrent interaction types, occurring in the sequence CX
— TC — PB with downstream position. This suggests that interadiipes occur in
a cascade with the spatial separation resulting from a dedyeen interaction types
combined with the mean convection velocity in the strearawlisection. This cascade
behaviour arises because of the loose causal connectitwsdrethe interaction types,
and while a one-to-one mapping between events is not pessibine general points
can be made bearing in mind the current flame geometry: tlaicneof a tunnel of
fresh gas must be preceded by a CX type interaction in thiigrgation (assuming
the isosurfaces are always connected at some point furtinarddream), and therefore
TC events cannot occur unless preceded by at least one CX éane a tunnel is
created at least one TC event must occur (unless there isdrttaction), although
multiple TC events are possible. In addition, isolatedtrgas pockets, although the-
oretically can be formed from a single CX event, are almosags formed following
simultaneous TC events along a single tunnel in the sinanlainvestigated here. This

provides a second causal link between TC and PB type events.
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4.3 Deay Time

It is possible to identify approximate characteristic g¢lmes between the interaction
types by constructing correlation deients between the interaction histories subject
to a time dfset of A*. To do this, we first define the functign(t*) as the number of
interactions occurring over a fixed intervdbr each interaction type, where= CX,
TC or PB. The statistical correlation can then be calculdtetiveen pairs of;s of
different type after introducing a time shift af to one of the functionscorr(y;(t* +
A"),x;(t*)). If the two functions are unrelated the correlation wil blose to zero
for all A*, however, for related functions a peak in the correlatiaticates theA*
value corresponding to the characteristic delay time betvilee two interaction types.
Choosingi = j produces the auto-correlation pft*) which will have a peak value
of 1 atA* = 0 and decrease to zero with increasixig however, our present interest
isini # j. The results are shown in Fig. 9 for the correlations betw@grand TC
events, where the standard Pearson product-moment medBdzebn used to evaluate
the correlation coficients. Correlations involving PB interactions are notuded
since many of the flame pockets are convected out of the dopedane interactions
can occur.

It can be seen in Fig. 9 that in general the delay times for #ante are dependent
on the turbulence intensity and length scale, with charatietimes of approximately
0.1, 0.06, and 0.04 for flames TV06, TV10, and TVFS respegtiv@onsidering the
turbulence intensity near theiSoline where the majority of CX interactions occur,

the normalised large eddy turn over times (the local Dartfe&caiumbers) in this re-

1The interval used to evaluatg is approximately 2 to 3 times the AFE interval. This is done
to compensate for the relatively small number of interaxtioccurring within eacht, and within this
range the results are insensitive to the exact value used.
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gion, 77 = (los.)/(UWdw), are approximately 1.24, 0.55, and 0.53 for TV06, TV10,
and TVFS respectively. Thus, there is an almost linearicelahip between; and
the characteristic delay times for these flames. This resgigests that it is turbulent
convection of the flame elements, and not the scales of vimgpkhat determines the
delay time, since there is no observalfieet on the delay time from flerences in the
turbulent length scales alone. It should also be noted tiearto-difusive properties
of the flame are also likely to be an important factffieeting the interaction delay
time, however, since these properties are the same in aflaimes studied here this

cannot contribute to the observed variation.

4.4 Interaction Length Scales

It is possible to identify characteristic length scalestfe interactions from the ex-
tracted volume®, and surfaceg, data obtained using AFE. These are the volume
based length scalé,’* = ®%3, and the surface-area based length sdalg,= ¢/2,
where the superscript indicates normalisation b§y,. In general these are not the
same, and indeed a third possible length scale, the volusierface-area ratid,} =
(LY5)3/(L3h)?, also provides information on the sphericity of an objectsiit is a
function of both the size and shape of the extracted regiond,vehich for a given
volume reaches its maximal value only for a perfect sphere.

Table 3 gives the mean values Iofr andL>" for all flames by interaction type.

int

Typical probability density functions fdr/* andL>* for CX and TC type interactions
are shown in Fig. 10. Comparing first theffdrent flame cases, it can be seen that
the only significant change in mean length scales occurs ¥oitype interactions,
as in Fig. 10a for the TVFS flame, which is smaller than in tHeeotwo cases by

approximately 15% - 20% due to the finer scale wrinkling in TA&S flame. No
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such diterence exists for the other interaction types, for exameéeRg. 10b for

TC type interactions, suggesting that length scales for i€CRB interactions do not
strongly depend on either the turbulence intensity or thegiral length scale. CN
type interactions produce the smallest length scales, asraght expect, whereas
the length scales of all normal type interactions are coaigar as one can see in
Table 3. The ratio of.Y* to L>* is similar for CN, CX and TC interactions for all
the flames. However, the ratio for PB type interactions caegb#o other interaction
types is considerably fierent (about 0.42 for PB compared to 0.35 for other types).
The value of about 0.42f. 0.455 for a perfect sphere) reflects the tendency for pockets

of thermo-dffusively stable flames to approach a spherical shape priartedut.

45 Flame Area Change

A key question from the point of view of incorporating flamedractions into a com-
bustion model is theirféect on the rate of heat release in the flame. Under the flamelet
assumption this is equivalent to assessing the change i ffaea since, to leading
order, this determines the overall rate of combustion. Afired in Section 3.1, it is
more appropriate to consider the rate of change of area asifig@ by the stretch rate,
rather than the absolute change in flame area. For the prasaiysis a global stretch
rate,K, is used, which, in contrast to the locally defined strettd, kaincludes all area
changes that occur within the sample regions indicateddgn Fi In this way, flame
interactions, which are not precisely localised events,lmincluded in the analysis.
The global stretch rat& = (dA/dt)/A, can then be written as a sum of flamelet,

and interactionky, contributions. Over the discrete time interval, these are given
by:
_ 2(Ai+1 - Ai)

T (A + A)AL @
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and
2(dic1 — ¢i)

Ao + AT ®)

KINT =

whereKg = K—Ky1, Al andA,; are the total isosurface areas within the sample region
att; andt;,, respectively, andf ., —¢;) is the total change in area due to all interactions
occurring in the interval, obtained using the AFE procesbrad in Section 3.1. In the
above definitions, the average valuefobver the interval is used in the denominator,
however, the results do not change significantl ibr A, are used instead. The inter-

action stretch may also be decomposed by type, whgkg: = Kcn+Kex+ Krc+Kpg.

Figures 1la-c show the stretch rates defined above as aduradtitime for all
cases. In general it can be seen that the largest contnibiatithe total stretch rates
comes from the flamelet componelt, in all cases, and can take positive or negative
values. In contrast, the total interaction contributiéhyr, is smaller in magnitude
and almost always negative except for flame TVFS where sroaitipe contributions
also occur.

Considering the interaction contributions by type, it candeen that the largest
negative stretch rates, and hence the largest contribatfiamne area destruction,
comes from TC type events for all the flame considered here.typll events pro-
duce the smallest overall contribution, both because theyelatively rare in this
configuration, and also individually smaller in magnitude.

CX type interactions can result in both positive or negasiretch rates. This is
particularly notable in flame TVFS where tKey fluctuations are predominantly pos-
itive, in contrast to both the other cases. The reason ferdbal éfect of CX type
interactions can be understood by considering changesttmtal stretch rates, as

defined in Section 4.1, and in particular, the acceleratfdheflame elements prior to
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merger combined with their curvature properties. Sincelibplacement speed of the
flame, 54, increases rapidly as the flames merge, if the flame elemenigsositively
curved during this phase the result is a rapid increase inuh&ature-induced stretch.
Acceleration of the flame elements also occurs in TC and RBantions, however,

in these cases the curvature is predominantly negativeshWlbads to negative local
stretch rates and a loss of area. During CX interactions gflamaa is lost only after the
merger of thec = 0.8 isosurface, due to cusp retraction. This loss is genegadigiter

than the initial gain for all the flames studied here excepE$VIt can also be seen
from Fig. 11 that this dference between the cases appears only in the magnitude of
the net-negative CX interactions, which suggests that thrdycusp retraction phase is

sensitive to the turbulence length scale.

PB type interactions, similar to TC type interactions, aneversally negative due
to the negative curvature of the flame elements prior to meageoutlined above.
Although similar in magnitude to TC interactions, PB intrans are less frequent
principally due to the lower frequency of pocket formatic@nmgpared to tunnels, but
also due to some loss of pockets though the downstream burkea the TV06 and
TV10 flames these lost pockets account for less than 25% tbthformed, however,
for TVFES this rises to over 50% and so the data on these evieotsdsbe treated with

caution.

To quantify the overall#ects of interactions on changes in flame area, two quanti-
ties are of interest: the time-average and root-mean-sduams) values of the global
stretch rates. These are summarised in Table 4. For statigtstationary flames such
as these, the average global stretch rtds expected to be zero, which implies that

K andK,yt must balance one another. In spite of the widgedénces in the mag-
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nitudes of their respective fluctuations, this is approxetyatrue for all the flames

considered in this study. The residuals seeK ireflects a lack of statistical conver-
gence in the data, however, this does not significarttigca any of the observations
made here. TC events produce the largest average negasitehstates, followed by

approximately equal contributions from CX and PB type iattions. The exception
to this isKcx for flame TVFS which is positive, as discussed above.

While time-averaged values provide information on the etgx biases for the
stretch rates, the instantaneodkeets of interactions are also of interest, and to as-
sess this it is useful to consider the rms valueKpfandK,yt. These are given in
Table 4, where it can be seen that, although instantaneattadtions inKg are the
largest contributor, the fluctuations in interaction stinedire also significant, and reach
approximately 28%, 26%, and 17% of tK¢™* values for flames TV06, TV10, and
TVFES respectively. The modelling of thesfiexts will be addressed in future work,
however, from a phenomenological perspective the maintpoan be summarised as

follows:

e CN type interactions do not contribute significantly to ofpas of flame area in
the current configuration, since they are both less freqaedtsmaller in mag-
nitude than other types. These two factors are relatedicesrhaving sfiicient
power to overcome the normal flame propagation and expamditime burnt
gases are relatively rare, and since the interaction oocmgnslonger time scales
due to the lower approach velocity of the flame elements coedpt normal
interactions, a smaller area change will be recorded oweparticular sample

interval.

e CX type interactions can lead to a net negative or positiage in the flame

area, both in instantaneous and averaged values. The tueseiits suggest
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that the cause of this qualitative change is related to ttmitence length scale,
lo/6, Where smaller length scales are associated with increadisme area
for this type of interaction. The local Damkodhler numbeedmot appear to be

important since these are very similar for flames TV10 and $VF

TC type interactions are responsible for the majority of #aamea loss in all
cases. They are both more frequent and have a larger avemg@tade than

the other interaction types.

PB type interactions are similar in average magnitude tatinag CX interac-
tions, and make a similar overall contribution to the losflarhe area. Taking
into account the convection of some pockets through the dowam boundary,

their actual &ect on the flame brush may be slightly larger.

The frequency of CX and TC interactions both vary proposibnwith turbu-
lence intensity in the interacting region for the TV06 andIDMlames Kcx ~
10u'/s. andNrc ~ 12u'/s., whereN is the number of interactions pes).
However, interactions in the TVFS flame do not follow the sdread (Ncx ~
12u'/s. andNrc ~ 8U'/s), which marks a qualitative change compared to the
flames with larger turbulence length scales. As noted ini@edt?2, the occur-
rence of CX interactions can be associated with the joinbaldity of finding
two flame elements at the same location, and so does not depehd structure
of the turbulence directly but only on the statistical disitions of the flame
front. In contrast, TC type interactions depend more diyemh the time and
length scales of the turbulence, as evidenced by the deteydependence on

the Damkohler number described in Section 4.2.
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5 Summary and Conclusions

Direct numerical simulations of twin turbulent V-flames werarried out to investi-
gate the phenomenology of multiple flame interactions imyxed turbulent flames.
Flame interactions were defined by the topological changessingle isosurface of
the progress variable near the point of maximum heat rel@asevel post-processing
technique involving data registration in the complex watvelomain was applied in
order to extract information on the time, position and cteimgflame area associated
with individual interactions. Three flames affdrent values of turbulence intensity
and length scale were analysed to assess the sensitivibheahteractions to turbu-

lence parameters.

Four distinct types of interaction were identified, basedapological changes to
the flame surface: one counter-normal (CN), and three norooalvex normal (CX),
tunnel closure (TC), and pocket burn-out (PB). The peak ofyp¢ activity was found
to coincide with the position of maximum flame surface dgnisithe flame brush for
all flames, in accordance with the expected behaviour foouatated flame branches.
Normal interactions were observed to occur in the cascadesxCXC — PB, due to the
causal links between the interaction types. Characteugtiay times between the CX
and TC types were found to be proportional to the large ecdhdg sicale (or Damkohler
number) in each case, suggesting that the turbulent caonegftflame elements plays
an important role both before and after the initial CX intgi@ns.Characteristic length
scales for the interactions were identified using the etétheolume and surface area
data. The only significant fference in mean length scale magnitude was found for CX
type interactions in flame TVFS, which were between 15% arfd Bver than those

for flames TV06 and TV10. Other interaction types showed gaiicant sensitivity
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to turbulence intensity or turbulence length scale for teditions considered here.

The dfects of interactions on the turbulent flame brush were inyat&d by consid-
ering the global stretch rate of the flame, expressed in tefraglamelet component,
Kg, which includes the féects of turbulent straining and curvature-propagation, an
an interaction componenk,y, representing the area changes associated with flame
interactions. It was found that TC type interactions arg@oesible for the majority
of the overall flame area loss due to interactions. CN interas are relatively rare
and occur over longer time scales compared to normal intere; and so do not con-
tribute significantly to the total flame area change in theusations studied here. CX
type interactions can lead to either a net increase or netdse in the flame area.
The data suggest that the overall sign of CX contributionsedéds on the turbulence
length scale, where smaller length scales are associathdawiet increase in area,
but no Damkohler number dependence was observed for tlaesed] Time-averaged
values of stretch show th#t: and Kyt approximately balance, yieldirl§ close to
zero, as expected for the stationary flames studied hererniigalues of the stretch
rates also indicate that interactions play a significarg mlthe instantaneous flame
brush dynamics, with values fég|; of 28%, 26%, and 17% of the rms values of the
flamelet stretch component for flames TV06, TV10, and TVF$eetvely. The total
and individual mean contributions to negative flame stretwinelate well with the in-

let turbulence Reynolds numbers for the flames considerddsrstudy.

For the purposes of model development, the following olsems can be made

regarding the present results:

¢ In the thin-reaction-zones regime, the overall contrimutio flame area reduc-

tion from the non-flamelet processes is comparable to theerhbehderstood
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flamelet mechanisms involving strain and curvature. Mank B8sed flamelet
models employ a single destruction term to account for bloghftamelet and
non-flamelet contributions. However, given the fundamigntifferent physi-

cal processes underlying the two mechanisms, and their aahle importance
in the flames studied here, it is likely that treating thefSeats separately would

provide a firmer basis for modelling.

The majority of the loss of flame area due to interactions{ficC types) does

not tend to occur at the same position within the flame brus¥hath the initial
interactions (CX) take place. Furthermore, th&atent interactions do not share
the same phenomenology; with CX type interactions appgddrmepend only

on the statistical distribution of flame elements, but TCn¢és@lso showing sen-
sitivity to the turbulence time scales through a Damkodhleamber dependence.
This implies that in order to adequately predict and captioeedtects of flame
interactions, factors which account for the observed delags between inter-
action types and their fierent causal dependencies may need to be incorporated

into the model.

Finally, the limitations of the single-step unity Lewis nbar assumption used in

this study should be noted. While all the phenomena preddmgee are essentially

fluid-mechanical in origin and adequately described by &gloeaction mechanism,

some important additionaliects cannot be addressed. For sub-unity Lewis number

flames the preferential flusion of light fuel species or radicals ahead of the flame in

positively stretched flame elements is expected to occus réduced thermo-tusive

stability is likely to increase the occurrence of net-pesitarea changes associated

with CX type events. For the same reason, the cusp retraptiase following all

types of interaction, where the flame cusps exhibit extreosgige curvature, is likely
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to be attenuated compared to unity Lewis number flames. Cselyefor super-unity
Lewis number flames the opposite trends are expectda influence of non-unity
Lewis numbers on the propagation speed may also alter theagtion time scales,
however, it is unclear how fferences in steady-state characteristics of these flames
will translate to the highly transient phenomena of intehese. A full investigation

of these &ects will be addressed in a future publication.

Another important topic to be considered is the role of flamteractions in the
production of pollutants such as CO and NOn this regard, it is likely that CN type
interactions will have much greater importance than théeot on flame area would
suggest, due to the importance of the burnt-gas side of timefleont for CO oxidation

(Hawkes and Chen, 2004).

The twin V-flame configuration together with the methodoldgyextracting in-
formation on flame interactions outlined in this paper, jmeva good framework to
study these phenomena. The degree of control availabletloeype and intensity of
interactions, and the realisability of the configuratiorbmth computational and ex-

perimental settings make it well suited to investigating tble of interactions.
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Table 1: Thermo-chemical parameters.
s (Mms?) 6n(mm) 6(mm) 74 (ms) Tn(K) =
0.6034 0430 Q121 Q713 600 252

Table 2: DNS parameters
Case Type u /s Uun/s. Re, lo/6n Ka Da
TVO6 twin 6.0 16.6 94 3.1 44 0.51
TV10 twin 10.0 16.6 114 2.2 11.3 0.22
TVES twin 15.0 16.6 63 0.8 34.4 0.05

Table 3: Mean interaction length scale¥ = ®1/3 andLS* = ¢/ by type for all
flames.

Case L& L& L{E Lgg L& Lg Lf¢ L&

TVO6 0.75 1.30 1.16 1.12 2.20 3.89 3.27 2.68

TV10 0.74 1.25 126 098 2.07 3.77 3.66 2.28

TVES - 1.08 1.11 1.12 - 3.11 3.06 2.73

Table 4: Normalised mean and rms global stretch rates faaaks.

w ai wr w w + ai +rms +rms +rms
Case K Ke Kt Ken  Kex  Kie Kpg K Kg KiNT

TVO6 0.022 0.103 -0.080 -0.001 -0.015 -0.047 -0.017 0.5753D. 0.148
TvV10 0.038 0.170 -0.132 -0.003 -0.019 -0.087 -0.015 0.663%5D. 0.169
TVEFS -0.022 -0.001 -0.020 0.000 0.001 -0.015 -0.006 0.3433®. 0.055
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Figure 1. Schematic layout of computational domain.
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Figure 3: Automatic feature extraction applied to a 2-dismenal flame data at times
t; andt,;. The mean flow is from left to right. Reactants and productsdanoted
R and P respectively. (a) Original datq and¥;,; representing product regions. (b)
Data att; is registered to data &t to produce?|. (c) Two CX type interactions are
extracted and surface poirtsandg;,; identified (see section 4.1).
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Figure 4: (a) Snapshot of the 3©= 0.8 isosurface overlaid with contours ofat
€=0.10.2,...,009for flame TVOG6; (b) Turbulence intensity/s, along centre line of
domainsy" = 7.44) for all flames. Vertical line indicates position of flarnelder.
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Figure 5: Schematic illustrations of (a) counter-normall{Jb) convex-normal (CX),
(c) tunnel closure (TC), and (d) pocket burn-out (PB) tydernactions. R and P denote

reactants and products respectively.

Figure 6: Examples of data extracted using AFE for each actean type from the
TVO06 flame. Data points ig; and¢;,; are represented by black and yellow spheres
respectively. Scale indicated by laminar flame thickrégsfor each image.
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Figure 7: Contours o€,"for € = 0.1, 0.2,...,0.9, for case TV06 (a), TV10 (b), and
TVFES (c). Interaction types are CN (black squares), CX (resndnds), TC (blue
circles) and PB (brown stars). Rectangle shows region ohe&rtwAFE was applied.
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Figure 9: Interaction frequency correlations as a functibnormalised delay tima*
for CX-TC events. Correlations are evaluated at discretetponarked by symbols.
Shape-preserving splines have been added for readability.
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