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Abstract

Massively parallel three-dimensional DNS of turlmile
temporally evolving nonpremixed plane jet flames/éhdeen
performed with realistic CO/Hkinetics. Up to 0.5 billion grid
points were employed allowing jet Reynolds numh#r8000 to
be attained. Simulations were run on up to 409&g¢ssors and
generated more than 30 TB of raw data. New resailées
presented concerning the extinction and reignitthmamics
occurring in these flames. We characterise extinctising a
metric based on the total stoichiometric flame acefarea having
a reacting scalar such as a product or radicaliepdess than a
threshold value taken to represent extinction. fiogion of edge
flames separating extinguished and burning regiofsthis
surface is studied using a massively parallel @mlyool. The
joint probability density function of the local ezidlame speed
relative to the flow and scalar dissipation hasnbextracted and
shows a transition in character as the simulatimymesses. The
transition is interpreted in the context of the gibgl mechanisms
of extinction and reignition. Along with other ewidce it
indicates that the mechanism of folding by turbo&nf burning
regions onto extinguished ones is the dominant niggm
mechanism. The effect of the choice of the scabacies, scalar
cut-off value, and mixture fraction value used édilge extinction
is discussed.

Introduction
In nonpremixed combustion, fuel-oxidiser mixing eakplaces

simultaneously with combustion and hence the rafe o

combustion is closely linked to the rate of mixingapid mixing
is often desirable in practical combustors to iaseeheat release
rates, enabling smaller combustor chambers. Rrabfeay arise
however when rates of mixing exceed combustionsrdéading
to local extinction of flames. Following this, Elaegions of fuel
and oxidiser can mix and coexist without significeeaction, and
may later reignite. The rates of extinction andymition are
important to predict the flame stability and padliot emissions.
However, the physical mechanisms of reignition tbetur in
turbulent flames are not yet fully understood, acg models of
turbulent combustion yet capable of predicting tém

While significant advances have been made in exysrial
measurements of flames, the capability to simutiasly
measure the temporal and three-dimensional vanmtiof
multiple reacting scalars that is necessary to rstded the
process of extinction and reignition does not yétte However,
advances in computing have brought opportunitiepedorm
direct numerical simulations (DNS) that can accessh data,
albeit in a limited regime of parameter space. diledy parallel
DNS of turbulent nonpremixed plane jet flames hadeen
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performed with CO/H2 kinetics [2]. Up to 500 nolli grid
points were employed, utilizing up to 4096 compyteycessors,
and allowing jet Reynolds numbers of up to 9000ecachieved
with good resolution. The simulations feature sty dinite-rate
chemistry effects including extinction and reigmitj and will be
used to understand fundamental aspects of turbedelmemistry
interactions and to provide a numerical benchmask the
advancement of combustion models. Figure 1 showmage of
scalar dissipation rate from the simulations, getesl using
hardware-accelerated parallel volume renderingwsoé [3,4].
The wide range of scales that is visually eviddmivss that a
fully turbulent flow has been achieved.

Figure 1: Volume rendering of scalar dissipatioe iata DNS
of a temporallv evolvina iet flan

In this paper we present an analysis of the extinateignition

phenomena that are observed in the DNS. Extincion
characterized using a measure based on the t@alddran iso-
mixture fraction surface having a reacting scalachsas a
product or radical species greater than a threskailee taken to
represent extinction. The evolution of this measisrlinked to
the motion of “edge flames” separating the regibaving a
scalar value above or below the threshold. Thee eftigme
motion is analysed to show that reignition occursnarily by
turbulence folding burning flame sections onto fomning ones.

Evolution of Burning Flame Area

Due to the large quantity of the DNS data (morenttad
Terabytes) and the complexity of the physical piheswa of
extinction and reignition in a multiple species atiag flow,
some simplifications must be made in order to plevclear
physical interpretations. Our first simplificatiag to study only



the evolution of the area of a surface having @leimixture
fraction value rather than the entire flame. Tdtimice is made
because it is known that in many conditions of ficat interest,
reaction is confined to thin sheets close to thecktometric
mixture fraction [5]. Our second simplification ihat we
consider areas of this surface to be either “bgfhimr
“extinguished”, depending on whether the value ofeacting
scalar (such as a product, radical species or teye) is above
or below a threshold. This simplification is exfggtto be most
appropriate for high activation energy flames, whiesult in
strongly bi-modal conditional probability densitynictions (pdfs)
of reacting scalars [6,7].

We define the conditional surface density as:

2 = |DZ|5(Z -ZYH(p-9¢*) 1)
WhereZ is Bilger's mixture fraction,Z * is the particular value

of Z being consideredy is a reacting scalar defined on the
surface,p* is the threshold value of this scalar below whibk

flame is considered extinguished is the Dirac function, and
is the Heaviside function. The overbar represantswveraging
operation, either a conventional Reynolds average gpatial
filtering as in Large Eddy Simulation. Here, fomplicity, we
use a Reynolds average and ignore any transvepandience.
The result is a single time-varying quant#y. .., representing
the total amount of “burning flame surface areattia domain.
The evolution equation of this conditional surfacea has been
derived [8] and is similar to the evolution equatiof the
unconditional surface area (appearing in tradifiooaherent
flame modelling [9,10]), the primary difference bgithat it
contains an additional term corresponding to ttepagation of
the intersection line of the stoichiometric andlacahreshold
isosurfaces. Under our assumptions, this terrmied with the
motion of edge flames separating extinguished anchibg

regions. We find that the speed of these edgenptddS,yy, is
given by:
s, —ks,

Sppe = 2, @
e -k

where Ss is the displacement speed of the scalar isosurface,

D
given byS¢ = Ff/mﬂ, S, is the displacement speed of the

Dz
mixture fraction isosurface, given b§, = E/|DZ|, andk

is the inner product of the normal vectors to thisesurfaces.
Note that this expression may be shown to be ebprivao that

used by Pantano [11], although an explicit expoessvas not
given there, and a link was not made with the ciomthl surface
area.

A massively parallel analysis tool has been dewedop extract
flame edges. The algorithm uses a ghost zoneggyrabmbined
with marching cubes to first extract a set of tgi@s representing
the iso-mixture fraction surface. The triangle eslgare then
searched to find intersections with the scalarudeses. All

guantities required at the flame edges are evaluatethree-
dimensional field quantities using the same higteor
differencing stencil as employed in the simulatiae [12], and
are then interpolated to the flame edge positiemsploying a

ghost zones strategy for the parallelism. Staistire then
collected from these data in a serial post-proogsstep.

The stoichiometric value is selected to definerttigure fraction

isosurface. The hydroxyl radical (OH) mass frattie selected
as the scalar to mark extinction. This choice wesle after a
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visual inspection of the fields of heat release @itl showed a
good correspondence during periods of maximum ettin. We
select the cut-off value of &; equal to 0.0007, which is half of
the value at the steady extinction condition, aggllts in a total
extinguished flame surface area that is approxipdiif of the
total stoichiometric surface area at the time ofximam
extinction. The sensitivity of our results to aflthese choices is
under study and will be presented in the final iersof this
work. To increase the level of statistical conesrce, results
presented on this paper have been averaged overatelata-
snapshots centered on a particular simulation tim&he
averaging window corresponds tg 2there tis the characteristic
jet timescale and approximately @Stare simulated.
Experimentation with the size of the averaging wiwdshows
that it does not affect the qualitative resultshe quantities
shown here vary over timescales larger thanRere, results are
shown only for Case M of Hawkes et al. [2], witfea Reynolds
number of approximately 4500. Analysis for theestiimulated
cases is in progress.

Results
Figure 1 shows an example of the stoichiometrisusiaces at
two different times. The left images show the acef coloured

2
by the scalar dissipation ratgy’ = 2D|DZ| [13], where D is

the diffusivity of the mixture fraction assuming iurLewis
numbers. Highey regions are shown in white, through red for
intermediate values and the lowest values areacokbl The right
images show the surface coloured in black whetep* and in
gold wherep> ¢*. The view is in the transverse (homogeneous)
direction from the oxidizer side. The boundaryditions in the
streamwise (left-right) and spanwise (top-bottonmections are
periodic. The mean flow is to the left closerte wiewer and to
the right towards the middle of the fuel jet (whistobscured by
the surface). The upper images corresponds toady gme
during the simulation (10t when the first extinguished regions
are appearing, and the lower images correspondslater time
(20%), near the time of maximum extinction. The first
extinguished areas are observed on structures hihige out
towards the oxidizer side. These areas also qmnekto regions

of high y. At later times, the extinguished regions are more
prevalent and there is no clear correspondenceamigtparticular
stryctur or scalar dissipation.

L

Figure 1: Stoichiometric mixture fraction surface coloured ®galar
dissipation on the left and in black where ¢* and in gold wherey> ¢*
on the right.

Figure 2a (left) shows the mean extinguished flarea versus
time, given by A, . = A=Ay, ;. where A is the total

stoichiometric surface area.  The extinguished afiest
increases, corresponding to increasing local ettincand then



decreases, corresponding to reignition. The mdéamef edge
speed is shown versus time in Figure 2b (righthis Bpeed is
normalized by the theoretical speed of a laminapagating

Py

—S, [14], wheres is the laminar
b

flame speed ang, are thep, unburned and burned mixture
densities respectively. Initially the speed is sgly negative,
which by our definition corresponds to opening motiion holes,
then later becomes positive to achieve reignitigrclosing the
extinction holes. Note that during the reignitigmase, the mean
speed is larger than the theoretical laminar prapag speed.
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Figure 2. a) Left: normalized total extinguisheghfle area versus time.
b) Right: normalized mean edge flame speed versus time

A much greater level of detail is provided by egtitag the joint
probability density function (pdf) of the local exlflame speed
and scalar dissipation. This shows a transitiocharacter as the
simulation progresses that has not been observegtewious
work.. Figure 2 shows this joint probably dendimction for
three simulation times corresponding to (from teftight) strong
extinction (109, a transitional state (3ftand strong re-ignition
(30%). The color scale shows the joint pdf while theam speed
conditional ony is shown in a black line. Scalar dissipatighié
normalized by the steady extinction valyg) (while the edge
speed (&gq9 is again normalized by At the early time, a
strong negative correlation is observed, and theege shape of
the pdf is in agreement with earlier work by Paantdghl] in
simulations of the near field of a spatially deyay jet flame,
and previous asymptotic results for laminar flarfies]. Later,
two branches develop with a positive correlatioourdng at low
and intermediate scalar dissipation. At the latiese, there is a
noticeable peak in the conditional mean speed -nthgimum
reignition rate clearly occurs at quite a high eabfy. Previous
simulations of a spatially developing jet flame wémited to the
near field and were unable to capture this tempadeaklopment
[11]. We attribute the existence of this positbegrelation at low
and intermediate to reignition events occurring by turbulence
folding burning flame sections onto non-burning ©nd6].

Locally, this requires that stoichiometric surfacesust be
brought into close contact, leading to locally highat these
reignition sites. We will refer to this reignitioscenario as
“turbulent folding”, and it essentially corresponds the
“perpendicular engulfment” scenario described ip&dagorn et
al. [6]. This is contrasted against a scenario which
extinguished regions reignite by the propagatioa Eminar-like
edge flame along the stoichiometric surface, whehwill refer
to as “edge flame propagation”.

Evidence of our explanation is provided by exangnithe
magnitude of inner product of the normal vectorghe scalar
and mixture fraction isosurface®|.| The mean value of this
quantity over all flame edge locations, conditiooalthe scalar
dissipation and edge speed is shown in Figure 4hencolor
scale at the time 30t Isocontours of the joint pdf of scalar
dissipation and edge speed are overlaid in whitd the
conditional mean speed is overlaid in black. ltyrha observed
that higher values of the inner product, which espond to the
mixture-fraction and scalar isosurfaces being &igntend to
occur at high scalar dissipation rates and higltigesedge flame
speeds — this is exactly the situation that is etqzefor reignition
by “turbulent folding”. Where “edge flame propaigat occurs”,
it is expected that the reacting scalar and mixtxaetion will be
poorly aligned at the reignition point, since thinfe is
propagating approximately parallel to the mixtureaction
isosurfaces. This corresponds to low valueskpfwhich are
observed here for low values of scalar dissipatam positive
but low values of the edge flame speed. Thus bmbdes of
reignition are simultaneously present, however rtheh larger
propagation rates in the flame folding mode imphatt this
mechanism is dominant. Although the results aesgmted in a
very different way, the qualitative finding is iemeral agreement
with that of Sripagakorn et al. [6], who found axed mode of
reignition with edge flame propagation dominantatly times
and a transition towards turbulent folding as tipregresses.
Here, we shed additional light on the process tgmesing the
shear flow instead of a homogeneous flow, and higkthe
reignition rate directly with a definable metricrfextinction
related to the flame area, rather than considaaimgnsemble of
iso-surface following particles, which tend to aculate in areas
of negative tangential stretch rate and thus skew averaged
statistics.
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Figure 3: Joint pdf of normalized edge flame speetismalar dissipation rate at three different sittoetimes.
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Figure 4: Inner product of scalar and mixture fractinormals,
conditionally averaged on scalar dissipation argedthme speed.

Conclusions

Massively parallel, three-dimensional direct nurceli
simulations of temporally evolving turbulent CQ/iplane jet
flames employing a skeletal chemistry model weralysed to
shed light on the phenomena of extinction and eam A total
“extinguished” iso-mixture fraction surface areagfided
according to a threshold value of a reacting scalarth as a
product or radical species on the surface, wa®doted as a
marker of the total amount of extinction. Use laétmarker led
naturally to the consideration of the motion of fleme-edges
that separate areas above and below the threshaldlysis of
the behaviour of the joint pdf of the edge flameegpand scalar
dissipation shows a transition in character thatinat previously
been observed. At early times, during extinctibie, edge flame
speed shows a strong negative correlation withascissipation,
as previously found, but this then transitions dgrreignition
into a situation where the speed is positively eated with
scalar dissipation at low and intermediate scalssiphation rates
and becomes negatively correlated only at extremsipdtion
rates. The result is that the peak reignition rateurs at a
moderately high dissipation rate. We use evidentethe
alignment of the normals to the mixture-fractiondameacting
scalar isosurfaces to show that these high regmnitates tend to
occur where heat and radicals are being suppliechaloto the
flame surface, as turbulent straining brings bugnand non-
burning sections of the flame surface into closexjpnity. We
also find that simultaneously reignition can ocbyrpropagation
of edge flames along the stoichiometric surfacee@ions of low
scalar dissipation rate. However the propagataiesr of these
structures are significantly lower and we find theenario of
reignition by “turbulent folding” to be dominantWork is in
progress to assess the effect of our assumptiorikeoresults —
namely, the choice of mixture fraction isosurfadés, choice of
reacting scalar and its threshold value. We ae mivestigating
the influence of Reynolds number and differentiffudion on
the findings.
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