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Abstract

The confined turbulent swirling non-premixed TECFLAB09c flame has been investigated
using Large Eddy Simulation and a pre-calculatedume-fraction-based flamelet model in a
preliminary step to simulate this flame. The sidigdl formulation, despite the fact that it

cannot capture localized extinction, is found tproeluce the experimentally-observed vortex
breakdown and the results agree well with availabiperimental data for velocity and

mixture fraction. The unsteady flow features befibwe burner exit and inside the combustion
chamber are analyzed with spectral analysis, airogls, and Proper Orthogonal

Decomposition. The results show the presence gfitlodinal vortices whose axes rotate with
the swirl and which cause separation inside thet ipipe. With combustion, some of these
structures are damped and the spectral peakgshifjher frequencies.

1. Introduction

The non-premixed TECFLAM configuration has been esiteely studied experimentally and
IS a target of the international workshop on TuebtiiNon-premixed Flames (TNF). Radial
profiles of the mixing field, flow field and spesieconcentrations are available .[T]he
analysis of this swirl flame is of great interestiamimics the main features that are observed
in industrial burners and offers an opportunityddsetter understanding of their dynamics.

The challenge of simulating this swirl flame confiesn the very complex aerodynamics
created by the imposed swirl. The swirl leads ® fibrmation of the Central Recirculation
Zone (CRZ) via the Vortex Breakdown (VB) mechanism [Rhe structure expected in a
swirl flow and related to the VB process is the Bssing Vortex Core [3]. The PVC is
expected to interact with the flame and hence iaduzat release fluctuations. Reproducing
accurately this large structure or any similardtice induced by the VB is required to predict
accurately the flame dynamics and the pollutants&ons. In this study LES is used to solve
the flow and mixing fields and has been coupledwitprescribed first order CMC solution,
as a preliminary attempt to model this complex poemixed flame.

The objectives of this paper are: (i) to model than features of the TECFLAM S09c
swirl flame; (ii) to investigate in depth the consbar aerodynamics using various techniques,
in particular the Proper Orthogonal DecompositiB@D), and to compare with an inert flow
simulation; (iii) to provide an initial solution foa second type of LES using three-
dimensional CMC, in a future attempt to capture th&netion observed in this flame
experimentally.

2. Formulation

2.1.Large Eddy Simulation
The flow has been computed by means of LES usiegctide PRECISE, which is a low
Mach number, finite-volume code that uses strudtgmeds [4]. Equations for filtered mass,



momentum and mixture fraction are solved for, wiiile sub-grid variance of the mixture
fraction is obtained by the model (see, for examkf. [5] and citations therein):
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with Cy determined dynamically. The sub-grid scale sttessor is modelled by the dynamic
Smagorinsky model. The time-step used for all tmeukations was 5810° s and the
simulations were carried out on 23 quad-core CPU2.38 GHz with 24 GB of RAM
available per CPU, producing 1.0 ms of simulatecetimapproximately 93 min. This LES
code has previously been used to simulate forcadiag of a non-premixed bluff-body
methane flame [5], bluff-body inert pulsated floj@$, the Delft-1ll non-premixed flame [7]
and the Sandia F flame [8] with very good results.

2.2.Combustion model
In Refs [5,7,8], the full LES-CMC formulation has beesed, with the multi-dimensional
CMC equation solved together with the LES in ordeprovide the local and instantaneous
values of the conditionally-averaged scalars, whiebn give rise to the local density,
temperature and species resolved mass fractiong, Hee CMC equation is not solved on-
line but is pre-calculated without the spatial s@ort terms until steady-state is reached to
provide distributions against mixture fraction efrtperaturél’ and species mass fractiovig
that are then used for the whole flow field. Theref only the micromixing and chemical
reaction terms in the full CMC equation are considere
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where Qu=Yq4|/7 is the conditionally-filtered reactive scaldX]s; is the conditional scalar
dissipation rate andy|7 is the conditional reaction rate. All the species assumed to have
equal diffusivities and the Lewis number is assuneede unity. The termay|n7 andN|; are
unclosed and require modeling. First order clossifgrovided for the chemical reaction rate.
The conditional scalar dissipation rat; is here taken as constant and modeled by the
Amplitude Mapping Closure (AMC) model. According tus model, the conditional scalar
dissipation rate has a given shape in mixture ifsacdpace, which is scaled by its peak value
acrossn-space,No. Np is pre-selected and kept at the prescribed valbgevihe CMC
equations are computed until a steady distribuigsoreached. In order to solve Eq. 2 the
space has been discretised into 51 nodes clusteoedd the stoichiometric mixture fraction
&t The above formulation of CMC is denoted as “OD-CMQ@id as therefore virtually
identical to a unity Lewis number steady flamelgpr@ach. It is used here as a preliminary
step before the full CMC equation is implemented.ikénthe multi-dimensional CMC [7,8],
this model cannot account for localized extinctibuat results in reasonable fluid mechanical
fields in the burner that are the object of studthis paper.

The reduced chemistry mechanism ARM2 derived from detailed GRI-Mech 3.0
mechanism [9] has been used. This mechanism cerit8ispecies and 15 reactions. The fuel
used in the experiments was natural gasls@nd GHip are not included in ARM2, but were
present in the natural gas used in the experiméné missing species have been re-
distributed into other species in order to conseltve total calorific value of the fuel
calculated by means of the individual calorific wed, a procedure that results in the
following approximation of the fuel composition (By mass): 96.8284 C§10.9184 GHg,



1.7144 N, and 0.5388 C® The natural gas approximation used by the CMC gpdes a
stoichiometric mixture fraction ofs;cmc=0.056 while the natural gas in the experiment was
reported to gives;exp=0.055 [1].

2.3.Coupling LES-CMC
The filtered value of the variablé can be obtained by integration overspace:

F:J':f |7P(n7)dnp . We assume that the filtered density functi§|(V7 h3gs ap-function

shape, which is calculated based on the resolveturmaifraction and the modelled sub-grid
variance of the mixture fraction. At the end of thES timestep, each LES cell uses the
conditional averagesJrom the O0D-CMC distributions to find the new valudgdensity and
temperature after integrating by the presumed sitb#§DF of the mixture fraction. The
coupling between the combustion model and the L&& ¢s thus achieved through density
and temperature.

3. Computational Geometry +—— o500mm ——p

3.1. Flow computed
Fig. 1 shows the flow studied. The TECFLAM S09c ftams
composed of a fuel jet, with an average injectietogity at the
burner exit of 21 m/s, surrounded by a swirlingjair The fuel
annulus has an inner diameter of 20 mm and an digereter of
26 mm. The air stream bulk velocity at the burnét is 23 m/s.
Its inner diameter is 30 mm and its outer diamete80 mm.
Movable blocks inside the burner create the swirlthe air
stream. The swirl number is calculated based ormegé&acal Air LAl Swirl
consi(_jeration and _the value of S=0.9 has been lmpd'm_r this Figure 1. Sketch of the
experiment. The air and fuel streams are sepatatea rim of TECFLAM burner [1].
inner diameter 26 mm and outer diameter 30 mm. [Ehgth
used for non-dimensionalisation in this study is thameter of the bluff body: D=30 mm.
The diameter of the simulated domain is equal ®dtameter of the combustion chamber
used in the experiments, which is 500 mm. The cdatjmnal domain extends vertically from
50 mm below the burner exit to 350 mm above it.

3.2.Mesh
Parts of the burner itself have also been meshearder to let the flow develop before
entering the combustion chamber. It has been regpdhat the inclusion of the burner in the
simulated domain is required in order to reprodineeflow accurately and that flow features
such as the PVC start developing inside the bui@ The grid is an O-grid mesh, very
refined around the burner air and fuel exits, anith & smooth expansion downstream and
radially so that a total of approximately 7.8M salre used (308 162x 160).

3.3.Boundary conditions

The mixture fraction is set to 1 in the fuel streamd O in the air stream. Both stream
temperatures are set to the experimental valu®ofk3 Imposing the right velocities at the

boundaries is challenging as no experimental dad@ailable inside the burner. As no swirl is
imposed on the fuel stream annulus, the numericainBary Conditions (BCs) are only

located 7 mm upstream from the burner exit angéeht profile with the same mean velocity
as the experimental one is injected without anyeddtiictuations. The velocity BCs in the air
annulus are much more complicated to choose asutmerical inlet is located deep inside the
burner and as no experimental data of the veldoityparticular the tangential component) is
available for that location. The only informatiomopided is the value of the mean axial




velocity at the burner exit and the geometricalrswumber at the swirl generator exit,
located upstream the simulated part of the buineorder to find the most appropriate BCs,
an extensive parametric study has been conducteder& simulations with different
tangential velocities at the numerical air inletr&veomputed and their results were assessed
against the experimental data 1 mm downstream tht@rburner exit. The best match was
then selected and the comprehensive flow analysesepted in sectiorResults and
Discussion is based on this simulation.

4. Proper Orthogonal Decomposition

4.1. Principle
LES is a very powerful tool in reproducing tempovakiation of the 3D flow and flame.
However, most of the analyses of numerical resadésstill based on averaged information
I.e. radial profiles of the mean quantities andrtReot Mean Squares. In this paper, we focus
on the dynamics of the flow and the flame. In ordetake advantages of the full potential of
the LES, the Proper Orthogonal Method (POD) hash begplied using the Method of
Snapshots [11]. The idea behind POD is to find ghomormal vector basis for which the
projection of the turbulent flow/flame fields (i.enapshots) on it maximizes the fluctuation
energy for any subset of the basis. Having fourath subasis, the first modes contain the most
energetic unsteady structures of the flow and hepnoge understanding of the flow dynamics
can be obtained by analyzing only a few modes.

4.2.Method

POD has been applied to the 3D numerical data$dtstb the inert and reactive simulations.
Firstly, the numerical data from the LES mesh hbgen interpolated on a coarser grid to
decrease the computational load. A mesh of 512@0I8 80<80x80) has been used that
covers the domain (x,y,Z) [0,160:-80,80;-80,80] mrn The set of interpolated snapshots is
then loaded into a MATLAB in-house programme, whadmputes both the temporal and
spatial POD modes. For the inert case, the vagalded to calculate the POD basis are the
three components of the velocity fluctuations, theture fraction fluctuations and the
pressure fluctuations, while in the reactive cdmepressure fluctuations are replaced by the
temperature fluctuations. The variables from eawdypshot are stored into a single matrix
column, each row corresponding to the value ofréalse at a single cell. Hence each matrix
column corresponds to a single snapshot (i.e.ribmtaneous fluctuation fields) and these
shapshots are organized chronologically insidentiarix. Unlike other studies where the
POD is applied separately to the different varialié the flame [12,13], here the POD has
been applied simultaneously to the analyzed vasalsuch as the velocity, the mixture
fraction or the temperature. This method is exgktiebring to light the correlations between
the flow dynamics, the mixing dynamics and the #adynamics (through the temperature
fluctuations). In order to give the same weightetach variable during the POD modes
computation, the fluctuating component of each tjtiahas been divided by its standard
deviation. In the case of a POD computation witeidpshots on a computational domain of
m points, the matrix obtained is:
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The autocorrelation matric :]/N(L]TU) of dimension NN is then computedé is a real
symmetric matrix, and therefore it is diagonalizaiol an orthonormal basis. It has N positive
eigenvalue{/li}m[l;N] and N orthogonal eigenvecto{ai}m[l;N] such asCa, = Aa. In order to
solve this eigenvalue problem, the MATLAB routieg has been used. The solutions are

then arranged according to their eigenvalues;as,>...>Ay>0 and the POD modes can be
written as linear combination of the snapshots:

N
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If LIJ:[Cbchz...CDN] is the POD basis, the fluctuating part of a snapstan then be
reconstructed as:

N
U;=>a® =Wa, jO[LN] (5)
i-0

More than 400 snapshots sampled at a frequencY@d #z have been used for the POD
computations of both the inert and reactive floelds, i.e. the data span a time interval of
more than 100 ms.

5. Results and Discussion

5.1. Mean and instantaneous quantities

Fig. 2 shows the time-averaged axial velocity cantoom the reactive case. The averaging
has been done over 150 ms of simulated time. TaekHine represents the time-averaged
zero-velocity isosurface. The incoming air stredme, CRZ, and the Outer Recirculation Zone
(ORZ) created by the walls of the combustion chanaloerevident. The fuel jet is visible on
the burner bluff body. The flow exiting from theetuannulus quickly encounters the
recirculated flow, which pushes back this rich miet towards the air stream, leading to a
quick and efficient mixing. The white line showsetlstoichiometric mixture fraction
isosurface and it is evident that the time-averagierthiometric mixture fraction extends into
the air annulus, inside the burner. This lead$i¢oconclusion that a certain amount of fuel is
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Figure 2. Time-averaged axial velocity Figure 3. Instantaneous z-vorticity contour
contour (reactive case) (reactive case)
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Figure 4. Radial profiles of axial velocity mean (top) and R®ttom) at the indicated axial
position. Experimental data from [1].

present at the top extremity of the air pipe. Bigs an instantaneous snapshot of out-of-plane
vorticity, which shows that significant vorticitg found in the shear layers, but also in a small
region along the inner pipe immediately beforelihener exit.

The first row of Fig. 4 shows the time-averagedalbgrofiles of the axial velocity at a
few axial positions. The closest available expentakdata to the burner exit correspond to
an axial position of x = 0.033 D (x = 1 mm). Thigygh and the time-averaged radial profiles
of the tangential velocity at the same positiont Glmwn here) show that the numerical inlets
for the air and fuel streams have been carefulplieg in term of magnitude. The RMS of
these quantities (bottom left of Fig. 4 for theadxrelocity) show that the flow is already
turbulent 1 mm above the burner exit despite trs=ate of any numerical fluctuations in the
velocity profile injected in the air annulus. Hoveevthe RMS values remain overall
underpredicted at this distance of the burner.ifeurtiownstream, Fig. 4 (bottom row) shows
that the flow has become very turbulent with veldluctuations reaching 60 % of the
iInjected axial velocity magnitude in some locatiamsl the LES fluctuations becoming closer
and closer to the experimental ones before readhimgame level at and above x = 2.33 D
(not shown here). Back to the top row of Fig. 4, d&l velocity profile is found to be well
predicted in the main jet at all axial position$ile there is an underprediction of the strength
of the CRZ above x = 0.667 D by a factor of 2. Thslerprediction of the CRZ leads to a
slight overprediction of the jet velocity for paeits above x = 2.33 D. The radial profiles of
the tangential velocity (not shown here) are vepfl\predicted by the LES for x < 5.33 D
(x =160 mm). The trends of the mixture fractiodigh profiles (not shown here) are also well
captured by the LES despite an overall underesomatf the mixing, leading to an
overestimation of in the main jet, while is therefore lightly underestimated in the area
between the jet and the outer walls. The radiafilproof &rms (N0t sShown here) show an
overall underestimation of the fluctuations, wiolece again the trends are well captured by
the code. Overall the time-averaged radial profi@spare well with the experiments and the
numerical dataset can therefore be used for fughalysis.

An animation of the reactive mixing field (not showere) shows that a periodic increase
and decrease of the mixture fraction occurs onughyger part of the air annulus, along the
inner wall, from&=0 to values as high &s0.6-0.7. The fuel stream exiting from the top of
the burner bluff-body is seen as being periodicalycked into the air annulus. The



stoichiometric mixture fraction surface at thisdton is therefore pushed down deep inside
the air pipe, while its diametrically opposite sidgpushed up until reaching the top edge of
the bluff-body burner. The observation of an axialocity contour animation (not shown
here) leads to the conclusion that both the fudlainstreams close to the burner follow this
oscillating motion. This phenomenon has to be eelab the formation of recirculations along
the inner wall of the air annulus, as observedigs.R2 and 3. An animation of the z-vorticity
animation shows that the point of separation ofitiner shear layer oscillates along the inner
wall, the separation of the air stream occurringa@5 mm below the burner exit. The same
phenomenon is observed in both the reactive anshéresimulations.

5.2. Autocorrelation and spectra
To investigate further the temporal evolution of flow, autocorrelations from both the inert
and reactive flow simulations have been calculatdeveral positions in the domain. At
x =0.167 D (x =5 mm), both the autocorrelatiorf the inert (Fig. 5 (a)) and reactive LES
(Fig. 5 (c)) confirm the presence of a periodic poment close to the air annulus exit at two
diametrically opposed locations corresponding #00c75 D. At the same axial position no
oscillation is observed along the centreline (rB)0and at the burner edges (r = 1.667 D).
Further downstream some oscillations are still oles#®in the autocorrelations at x = 0.833 D
(x =25 mm), but have disappeared at x =2.5 D §bam) (not shown here) in both the
inert and reactive cases. The oscillation periagdtie inert flow appears to be longer than its
reactive counterpart while the oscillations ampléus much lower in the reactive case.

The spectrum of the axial velocity for the inersedFig. 5 (b)) confirms the presence of
the oscillations as a clear frequency peak at 3B2.8an be identified at the air annulus exit
(x=5mm, r =22.5 mm). A small harmonic at 785iBlalso visible. In the reactive case, the
fundamental is found to be 8640 Hz and several harmonics can be obsen@@1(Hz and
(11281 Hz). A strong sub-harmonic[@20 Hz is also present in the spectrum. The diffeze
of fundamental frequencies between the inert flow the reactive flow is expected as the
recirculation of hot gases inside the air annulusnglly affects the fluid mechanics of this
region. The inert and reactive fundamental freqigenare already observable deep inside the
air pipe 25 mm upstream from the burner exit. Thie-lsarmonic at 320 Hz is also present at
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this location in the reactive case (not shown heféjs leads to the conclusion that any
structures associated with these frequencies devitlemselves deep inside the burner.
Figs. 5 (b, d) also show that the fundamental feeqgy amplitude is damped by a factor of 10
when combustion occurs.

5.3. Proper Orthogonal Decomposition
POD has been used to identify the structures am®aciwith the different frequencies
observed in the spectra. The method has been dpplieoth the inert and reactive fields,
with the aim of understanding better how the cortibangprocess affects the flow dynamics.
Figs. 6-8 show the modes associated with varioasitifies for the inert (Fig. 6) and reacting
(Figs. 7 and 8) simulations, while Fig. 9 showscs@eand the energy associated with each
mode. The POD results are discussed below firghtinert and then for the reacting flow.

5.3.1. Inert case
The three first modes of the velocity and mixturacfion from the inert simulation are
represented on Fig. 6. Fig. 9 (b) shows that tlesées contain much more energy than the
rest of the modes and account for 28 % of the fatetuation energy. Modes 1 and 2 contain
9.8 % each i.e. 20 % overall of the total energgsF6 (a, b, c) and Fig. 6 (d, e, f) show
respectively mode 1 and mode 2. Both modes corfsigtoopairs of vortices as confirmed by
the Q-criterion visualisation in Figs. 6 (b e)h(aTQ-criterion states that a vortical structure is

identified by positive value o = (af 28IJ SIj )/4, with w the vorticity magnitude an(fﬁIj

the strain rate calculated from the gradients efré#solved velocity [15].) They develop along
the inner wall of the air annulus before expandimgide the combustion chamber at the
burner exit. Figs. 6 (a, d) show that each paivartices is composed of two diametrically
opposed vortices and that each pair is countetingtadn addition, one pair is associated with
an axial velocity increase and the other one witthearease. Modes 1 and 2 are therefore
similar. They are only shifted by a rotationt@®2 around the x-axis as they are orthogonal by
construction. They form a pair of modes that chiarames the rotation of these four vortex
cores around the inner wall of the burner air pigeese structures are thought to be similar to
the well-known Precessing Vortex Core (PVC) [3], wile difference that the presence of a
bluff-body in the TECFLAM configuration transformfet precession into a rotation-like
motion. Fourier analysis (Fig. 9 (a)) of the tengdaroefficients of modes 1 and 2 shows a

(@) mod;é 1, U (b) mode 1, Q (c) mode 1¢&
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Figure 6. Inert flow POD mode 1 (a, b, ¢), mode 2 (d, e,Mil anode 3 (g). (a, d) Isosurfaces
of the axial velocity fluctuation with vector mapxe5 mm. (b, e, g) Q-criterion coloured by
the axial velocity fluctuation, vector map of (¢)xa&100 mm. (c, f) Isosurfaces of the mixture
fraction fluctuation. The negative fluctuations ptetted in blue, the positive ones in red.

(g) mode 3, Q



clear peak at 392.5 Hz (S&B/Up,=0.512) while their phase angle is found to be
@2-a1= /2. This shows that the frequency reported in 5ip) is associated with the rotation

of these vortices. They impose their dynamics t ftbw inside the inlet pipe and in the

burner near-field and are responsible for the laditig behaviour of the flow there. The

presence of these Rotating Vortex Cores (RVC) hastald® related to the occurrence of
flow separations and hence recirculations alongirther wall of the air annulus due to the

centrifugal forces created by the swirl, as destfim section 5.1. On the top of that, these
structures contribute to the high turbulence ol the radial profiles 1 mm above the air
pipe exit (Fig. 4 bottom left). The separation-regiation cycle induced to these Rotating
Vortex Cores is thought to be similar to the flastkophenomenon observed experimentally
in the premixed configuration of the TECFLAM [14]

As described in section 5.1, the presence of theing recirculations inside the burner
results in some of the fuel injected at the tophef bluff-body being sucked into the air pipe.
This phenomenon has been captured by the POD aridilige in Figs. 6 (c, f) through the
plotting of isosurfaces of negative and positivetonie fraction fluctuations. Here modes 1
and 2 are represented by a pair of 2 diametriggfyosed structures along the inner walls,
each pair of structures representing respectivehyxdéure fraction increase or decrease in the
air annulus. Each of these structures is locatdavdsn two Rotating Vortex Cores. In
addition, modes 1 and 2 are characterized by spadkets of high mixture fraction
fluctuations at radial positions corresponding e fuel injection inlet. These pockets are
diametrically aligned with the larger structuresl aepresent mixture fraction fluctuations that
are opposite to theé fluctuations of the large structures in the apepiTherefore modes 1 and
2 analyzed through the fluctuations of the mixtineetion represent the periodic increase and
decrease ot inside the air pipe due to the Rotating Vortex Cofdse suction of the fuel
towards the air pipe results in a decrease of tixtune fraction just above the fuel annulus
exit ((b mm up) and located next to the vortex-inducedcelation.

Mode 3 accounts for 8.46 % of the total energy.. lBigg) represents the Q-criterion
applied to mode 3 velocity fluctuation componerits. corresponding 2D vector map at
X =100 mm has also been plotted. Mode 3 is chaized by two long column-like counter-
rotating vortices located parallel to the centeelifPressure isosurface (R-R250 Pa, not
shown here) shows that one of these vortices (enetthin Fig. 6 (g)) creates a low-pressure
column inside the flow and is associated with the CReated by the Vortex Breakdown. The
second vortex is found to be much weaker. No fragueeak is evident from the temporal
coefficient a(t) in Fig. 9 (a) (the peak observed at 9.685 Hzesponds to the time interval
on which the inert POD was computed;FDt10325 ms).

Modes 4 to 6 are more difficult to interpret, agythdo not contain a single type of
structure or a single frequency peak and therefogenot reported here.

5.3.2. Reacting case
Analysis of Fig. 9 (e) shows that the distributminthe energy for the reactive case is rather
different than in the inert case. Mode 1 accounts83f12 % of the fluctuation energy and is by
far the most energetic mode. It is representedign F(a) by one negative and one positive
isosurface of the axial velocity fluctuations. tie$ not belong to a pair of modes and, unlike
the other modes, does not represent a vortexthéraccounts for the axial displacement of
the CRZ and hence for a longitudinal motion of tlaenié. Fourier analysis in Fig. 9 (d) shows
two small peaks at 28.64 Hz and 57.28 Hz, the gsaeak at 9.547 Hz corresponding again
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Figure 7. Reactive POD mode 1 (a), mode 2 (b, c, d), mode @, (i) and mode 4 (e). (a, e)
Negative and positive isosurfaces of axial velo@iigtuations. View from above the burner
exit. (b, f) Q-criterion applied to the correspamglimode coloured by the axial velocity
fluctuation. (c, g) Q-criterion coloured by the teenature fluctuation. (d, h) Isosurfaces of the
mixture fraction fluctuation. Colours as in Fig. 6.

to the time interval on which the reactive POD bhasn computed: R£0.10475 ms.

Reactive modes 2 and 3 respectively account for %4d 4.32 % of the energy i.e.
8.8 % overall (Fig. 9 (e)). They are again a pdimodes and are the reactive counterpart of
modes 1 and 2 of the inert flow. Their interpretas are identical to the ones previously
made for the inert case regarding both the Q-aitefFigs. 7 (b, f)) and the mixture fraction
isosurfaces (Figs. 7 (d, h)) representations. Fids, g) represent respectively the Q-criterion
applied to modes 2 and 3 and coloured by the réispetemperature fluctuations of each
mode. These figures show that the temperature temdatecrease inside the two vortices
associated with a decrease of the axial velocity ase-versa. The spectra of the temporal
modes associated with the spatial modes 2 and 3v shoclear peak at 343.7 Hz
(St=<xD/Up,k=0.448), associated with the rotation of the vesiaround the burner.

Mode 4 accounts for an axial displacement as modiéoties 5 and 6 (Figs. 8 (a, b, c, d))
form again a pair of modes: they are similar toheather and contribute to 5.84 %
(2.94 % + 2.90 %) of the energy (Fig. 9 (e)). Thegresent several counter-rotating vortices.
Fourier analysis shows several peaks present iminodes at 572.8 Hz, 620.5 Hz, 668.3 Hz
and 696.9 Hz, i.e. around the double frequench®fmodes 2 and 3 (St=fxD/Up,x=0.896).
This leads to the conclusion that the pair of mdslesd 6 represents a harmonic of the pair
of modes 2 and 3. Therefore the effect of the Raja¥iortex Cores in the reactive case is
represented by four modes (modes 2, 3, 5 & 6), vagzount overall for 14.64 % of the total

(a) mode 5, Q-T (b) mode 5% (c) mode 6, Q-T (d) mode 6,&
Figure 8. Reactive POD mode 5 (a, b) and mode 6 (c, d)(&-criterion coloured by the
temperature fluctuations. (b, d) Isosurfaces ofrteture fraction fluctuations. Colours as in
Fig. 6.




x10 . -?oo
2 Inert T 10 ’— -200
1 mode 1 [ i 3%
0 5 8 -400
~ 0 7 500 1000 =
o x10 ]
32 Inert ; 6
B (1] mode 2 o 4
2% 500 1000 2
x10 w
10 Inert & 2
5 mode 3
0 0
0 500 1000 0 5 10
f (Hz) Mode number
(a) (b)
Lx10° x 10 5
?k Reactive 4 Reactive 8
0 mode 1 g mode 2 5
— 0 500 1000 0 4 500 1000 a6
a gx x 10 3
a Reactive 5 Reactive == 4
3 " mode 3 0 JL mode 4 g
& 0 4,500 10000 500 1000 &
x 10 x 10 Ly
5| Reactive B! Reactive &
mode 5 mode 6 JHL

0
00 500 1000 0 500 1000 12345678910
f (Hz) f (H2) Mode number

(d) €)
Figure 7. Top: Inert case. Bottom: reactive case. (a, d) Bg@leanalysis of the POD temporal
modes #t). (b, e) Contribution to the total fluctuation exgy of each mode. (c, f)
Visualization of the vortex core using the Q-ciber applied to a reconstructed snapshot
based on modes 1 to 6, coloured by the reconstrypcessure (c) and temperature (f).

fluctuation energy.

5.3.3. Snapshot reconstruction

Fig. 9 (c) represents the Q-criterion from a snapsi the inert flow reconstructed using the
6 first modes and coloured by the reconstructedssure. Fig. 9 (f) shows a similar
reconstruction for the reactive case but the igasarhas been coloured by the temperature. A
first observation when comparing the two figurethiat the strong vortex observed inside the
CRZ of the inert flow (mode 3) is no longer presenthie reactive case. This is consistent
with previous studies that have also reported ttitcombustion tends to remove some flow
structures, such as the PVC, especially in non-pedniconfiguration [3]. A second
observation is that the rolling vortices developedthe burner air annulus extend much
further in the reactive case than in the inert dngs. 7 (b, f), 8 (a, ¢) & 9 (f) show that the
vortex heads reach locations as far as 160 mm ahevieurner exit when the flow is burning,
compared to an axial expansion limited to 30-40 fonthe inert case (Figs. 6 (b, €) & 9 (f)).

6. Conclusion

LES with a pre-calculated flamelet model has bemplied to simulate a non-premixed swirl
flame and its inert flow, and the formulation isufm to reproduce reasonably well the
velocity and mixture fraction fields. Autocorrelai and spectral analysis reveal the presence
of a periodic component inside the air inlet anduad the central bluff body, for both the
inert and reactive flow, while the fundamental fregcy of this periodic motion increases by
a factor of ~1.6 in the reactive case. In ordeintestigate further the dynamics of the flow,
Proper Orthogonal Decomposition has been appliede T™ethod shows that large
longitudinal vortices are formed along the air infeer wall, whose axes rotate around the
burner. These vortices become highly curved iniidecombustion chamber. They impose
their dynamics to the flow in the combustion chaméed create a cycle of separations and
recirculations inside the air annulus, which is utjot to be similar to the flashback
phenomenon observed in some premixed swirl flarheghe inert flow, these Rotating



Vortex Cores (RVC) are represented by two pairs of P@ides, which account for ~20 % of
the total fluctuation energy. Combustion triggeseaond harmonic of these modes, resulting
in a total of four modes dedicated to the RVC dynantltat account for ~15 % of the
fluctuation energy. Further work will focus on LE#h a multi-dimensional CMC approach
that can predict the occurrence of localized extincclose to the burner; the data will be
explored to analyze whether the localized extimctaan alter the near-field aerodynamic
features that have been revealed here.
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