Acoustically perturbed turbulent premixed swirling ames
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The dynamics of a turbulent premixed con ned swirling anteinvestigated using large eddy simulation. The ame
response is determined by introducing an external acofetiing at two modulation frequencies corresponding to
characteristic values of the ame transfer function ob¢aiexperimentally. These values were found to give differen
responses in terms of gain in a previous series of experaneiihe underlying physical mechanisms identi ed
experimentally are investigated numerically. Simulasi@on rm that swirl number uctuations and vortex roll-up
govern the ame response. It is also con rmed that the rstahanism is associated with a mode conversion process
taking place when acoustic waves impinge on the swirler. diie axial acoustic velocity disturbance on the upstream
side of the swirler generates an axial acoustic wave and amu#fzal convective disturbance in the downstream
ow. These combined disturbances are retrieved in the st and their effect on the swirl number is extracted.
Calculations also indicate that vortex shedding synctzexhiby the acoustic forcing takes place at the injector lip
outlet. Vortices originating from this region are convetie the jet shear layer, impinge on the ame and roll-up the
ame tip. This process interferes with oscillations in theme angle induced by swirl number uctuations. Phasing
of the ame angle with respect to the instant of vortex shaddrom the injector lips determines the lifetime of the
vortex before interaction with the ame and controls theestyth of this interaction. When this lifetime is reducea th
vortex cannot fully develop and the ame response remainakwe-or larger lifetimes, the vortex can fully develop
and produce larger heat release rate perturbations. Thiegs depends on the forcing frequency which determines

the phasing between swirl number uctuations and vorticersegation.
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. INTRODUCTION

The present investigationis motivated by the dynamical problems encountered in paatombustors and in particular in
devices using lean premixed combustion where ashbackf(seexample Plee and Melloy, ame blowout and self-sustained
oscillations may develop. In this combustion mode, the amegisnerally stabilized in swirling ows featuring complex
unsteady interactions between the ame and the ow. The airthis article is to enhance the physical understanding ef th
processes which determine the ame response to incidetutrdances. This is accomplished by suitably combining e&ddy
Simulations (LES) and analysis to retrieve the fundamemithanisms identi ed in some recent experiments. The ptese
work is focused orswirling ames forced by acoustic disturbances from the upsream side It speci cally considers the
processes taking place when these waves cross the swiil@naireach thénjector dump plane. This gives rise to different
types of disturbances traveling in the downstream ow di@tand produce competing ow interactions perturbating tame
response and generating heat release uctuations. Thesleamisms are investigated with LES. Results obtained nicailr

are compared with well controlled experiments carried eavipusly.

Many elementary mechanisms can be responsible for heaiseelate perturbations and have been the subject of differen
reviews>*. These mechanisms eventually operate simultaneouslyt &dif cult to sort out the dominant ones for swirling
ames’. Scenarios have however been proposed to explain some &éjhelements and parts of the global ame response.
These different contributions are examined below and anebiwed to put in light two competing mechanisms determining
the response of weakly turbulent swirling ames. This as@yextends a recent work from Paliesal® where it is shown
that acoustic disturbances impinging on the swirler geedransverse velocity perturbations which are convecyeti® ow.
The ow downstream the swirler features then axial and aziralivelocity perturbations propagating at different sjgeelrhey
induce swirl number uctuations at the burner outlet and essallt the ame executes a breathing motion with oscillaid the
ame root angle. Vortex roll-up takes also place when thebgerturbations reach the injector exhaust section. Thediees
are convected by the ow and interact with the ame rolling iptips. Vortex rollup and ame root angle uctuations comb
constructively or destructively depending on the forciregfiency of the incoming velocity perturbations leading tow or a

strong response of the swirling arme

The ame transfer function F (! ) de ned as the ratio of relative heat release rate and velocjt uctuation is here used
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FIG. 1: Flame transfer function determined experimentalha frequency range dfto 400Hz at a relative velocity
modulationu®=U, = 0:51whereUy, is the bulk velocity in the injector duct andf the rms velocity uctuation level. The gain is
plotted in the top gure while the phase between the velosigynal and the heat release rate signal is plotted in therott

gure.

to characterize the response of the ame to incident velocjt disturbances :
F(1)=Ge = = (1)

where u®is measured at the burner outlet andU, correspond the bulk velocity in the injector. The gainG and a phase
' are plotted in Fig. 1 as a function of frequency and for a relative velocity moduldion equal to u®=U, = 0:51. Low and

high gain values corresponds to two distinct frequencies &t = 60 Hz andf = 90 Hz. Observations made for different
operating conditions show similar features. It is then worh understanding the underlying dynamics. While this has
already been investigated experimentally, the present amgsis essentially relies on large eddy simulation. This pnddes

complementary information on the contributing mechanisms At this point, it is useful to review the literature dealing

with swirling ames and their dynamics.

Convective swirl waves and possible consequences for premiame dynamics were rst discussed by Straub &
Richards’. There are indications in the work of Hirsch et al”° that uctuations in swirling strength have a direct im-
pact on the ame transfer function. Their analysis is intended to explain how the ame transfer function gain exceeds
unity and to understand the difference in behavior between gial and radial swirlers. The scenario proposed is based on

uctuations of the owrate and of the circulation induced lye swirling ow inside the burner. It is shown that thesetdat
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perturbations are converted at the burner outlet into attiedworticity uctuations which are then transported ajoa stream
surface of the swirling jet downstream the annular exit. slagsumed that the azimuthal vorticity component is comgect
along a diverging conical shell of constant angleThe vorticity strength increases with the relative dist@afrom the burner
caused by the diverging jet and is superimposed with growsujjlations. This creates additional velocity uctuat®(via the
Biot-Savart law) which impinge on the ame. In this scenatlte ame response then results from direct velocity pdyations
due to owrate uctuations at the burner outlet and vortycinduced additional velocity perturbations. Using thisdabit is
shown that the ame transfer function mainly depend on tleatimn of the swirler and to a lesser extent on the type oflewir
used.This work also provides indications on the existence of a cmective wave inducing swirl number modulations.In a
recent analysis it is concluded indirectly from transfer function measugsmts that on the downstream side of the swirler the
perturbation comprises an acoustic and a convective coemfioAnd the impact of the acoustic and convective pertizshaibon

the ame dynamics is modeled using a time lag.

Another mechanism determining the ame transfer function is vortex rollup as discussed by Klsheimer & Bchnet”.
In that paper there is a relevant diagram which shows an invese in uence of pulsation amplitude and frequency on
whether large vortices are formed or not. In order to be in thelinear transfer function range one would have to remain
at a low level of modulation. At pulsations levels of 51% likethat considered in present case, the ame operates in the

nonlinear, roll up regime.

Dynamics of swirling ames was recently reviewed by Huang &fang'*. The in uence of the swirl number on the ame
dynamics is discussed by Huang and Yarfgr two swirling ames characterized by very different siviumbers and respec-
tively equal toS = 0.44 andL:1. Simulations indicate that an increase in this number tegulk larger inner recirculation zone
which moves upstream to merge with the recirculation zonbeftentral bluff-body. It is also found that an increasevirls
strength strongly reduces the ame length. The swirl nunadgo in uences the unsteady dynamics of the ow and the vorte
breakdown region is enhanced with a higher value of this rermbThe case of acoustic perturbations impinging swirlers has
also been examinéd It is deduced from LES that axial and azimuthal velocitywtisances propagate at different velocities on

the downstream side of the swirler.

Many contributions also concern the possible interfersietween different types of perturbations. Indeed, diffeparts

of the perturbed ame may enhance or cancel out local heaasel uctuations from other parts®, producing maximum and



TABLE I: Experimental parameters

Equivalence ratio 0.7
Injector bulk velocity [m s?] 2.67
Swirl number 0.55
Reynolds number 3500
Acoustic modulation level®=U, 0.51
Flame tube diameter [mm] 70
Injector diameter [mm] 22

minimum responses in the global transfer functiatepending on the phase relationship of the different effdtts speci cally
shown that interference phenomena both in the distribuifdreat release and in the global transfer function arisautsethe

ame is excited by multiple disturbances propagating afedént speeds.

Experiments reported by Kirmt al.*%*° deal with the effect of ow modulations on the dynamics of aued swirling ames
and provide some of the transfer function data needed taqirérmo-acoustic instabilities and limit cycles in cambon
chambers. A laboratory-scale gas turbine combustor is ieseasure ame transfer functions and predict instabfligguen-
cies mainly in the linear regim@ Flame transfer functions measured with this type of buimgicate that the Strouhal number

constitutes a relevant dimensionless parameter and datatbk effect of the ame angié.

Simulations reported in the present article are carriedmekamine premixed swirling ame dynamics in a well conleal
experimental con guration with three objectives: (1) Caang numerical predictions with experimental data to vaéidhe
numerical approach; (2) Examine the mechanisms identixggeementally and see if they can be retrieved numeric#8y;
Complement the available data with additional informati@merated by the simulation and provide a simple mecharsm e
plaining strong and low swirling ame response to incomirggtprbations. The experimental geometry is brie y presdrin
section 2 together with a typical ame transfer function.eTinain features of the Navier-Stokes LES ow solver are neeie
in section 3 and comparison is carried out between experiments and simulains when the system is operating irthe
absence of modulation. Unsteady ame dynamics is consitliereection 4. The last section is focused on the mechani$ms o
mode conversion at the swirler and on the ame / vortex irdgoms. Effects of swirl number uctuations and vortex ralb are

described and their interference is investigated.
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FIG. 2: Experimental setup with sizes in millimeters. It simts in a upstream manifold, a swirler, an injector and aeaube
in quartz.

Il.  EXPERIMENTAL CONDITIONS

A. Setup

The experimental setup sketched in RAgonsists of four elements: (1) An upstream manifold; (2) #jedctor equipped with
a swirler; (3) A quartz tube con ning the ame; (4) A loudsges located at the bottom of the system. A premixed ow of air
and methane with an equivalence ratio equd:#is introduced at the base of the upstream manifold throughdiametrally
opposed apertures. In order to break the largest turbutitieg, this ow passes through a grid and a honeycomb layee T
ow then traverses a convergent unit decreasing the boyrldsier thickness and de ning a at velocity pro le at the sxér
inlet. The swirler imparts a rotating motion to the ow. Itiisade of eight NACA airfoil vanes periodically spaced. Moegails

on the experimental setup can be found in previous arfi¢les

I1l. NUMERICAL SIMULATIONS

A. Large Eddy Simulation code

Simulations are carried out with AVBP, a code developed afa€e>”° to solve the laminar or turbulent compressible

Navier-Stokes equations in three space dimensions. Irutbalent case, the LES balance equations for mass, momeartdm
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energy are solved by the code. The ltered quarttitig determined while the subgrid scale uctuatibh= f f is modeled.
As the density is variable, a mass-weighted Favre lteriagilopted so that€ = f . One important dif culty in reactive
ows lies in the representation of the ltered reaction raitét is shown in many previous studies that a suitable maxtdlily
premixed laminar ames is obtained by arti cially thickerd the reaction layet$ To resolve the ame on the relatively
coarse meshused in LES, the ame front is thickened by modifying the pgeenential factor and changing th@nsport co-

ef cients such that the local burning velocity is conserved. In the case of turbtiteacting LES, the Thickened Flame Model
(TFM) introduces modi cations in the interaction of turlemice with the ame front. It is thus necessary to compendage t
missingdistortion by introducing a sub-grid scale wrinkling model. This is damith an ef ciency function determined from

direct numerical simulations. This ef ciency function @eibes effects of the sub-grid scale wrinkling as a functibthe local

sub-grid turbulence velocity’and spatial Iter size . After closure, one obtains the following set of Itered nedeld equations:

Momentum

@Bi+ @

1
ot @(_aiaj)= @pij 20+ (S :_SSII i) 2)

@x

where refers to the density to the velocity,p to the pressure, to the dynamic viscosity of the gas aBg is the strain
rate tensor. Subscriptsj andl refer to the three spatial dimensions wthtildenotes turbulence. The sub-grid scale turbulent
viscosity ¢ is modeled through the WALE modélwhich provides a suitable description of the sub-grid sdgieamics in

free shear ows and also recovers the scaling laws in walbiresg
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In this equationE denotes the total energy per unit mdsss the ef ciency functionfF is a ame thickening factorf = 3:3
in the present simulations}, is the temperature arg the speci ¢ heat of the working uid. The quantity/ indicates the
mean molecular weight of the mixtur€, andY are the species molar and mass fractions respectively. é’d:ter\*zs@jC + Vjc;t
are the diffusion velocities, the scaldrsy correspond to the sensible enthalpies per unit mass an@fers to the reaction

rate de ned by an Arrhenius expression.

Species
@, @ oo\ @ .~ W@
"ot e W= gy Fs W e
_gk(gjc_i_ Vjc;t)
+ B
F

(4)

where! y refers to the reaction rate of each species computed witArtenius law.

The nite rate chemistry is modeled by a single step globatt®n involving four species and a diluent ¢HD,, CO;, H,O

and \b :
CH4+20,! COy+2H50 6)

The volumetric rate of this single step reactlangiven in mol m s ! is de ned by an Arrhenius law :

NcH No
YcH, * Yo,

ex E.=RT 6
Wor We p( Ea=RT) (6)

!_0:A

where the pre-exponential factér is equal t06:98 10° S.I. units, the activation enerdy, is 20000 kJ molt, ncy, is
1.0 andng, is 0.5. These values were adjusted to yield a laminar burméigcity which coincides with that determined

experimentally®.
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FIG. 3: (a): View of a longitudinal cut in the mesh used to esant the burner, injection duct and ame tube. (b): Cloge-u
view of the mesh with the cutting line in black where (c) isaibed. Note that a very large volume is used to simulate the
ambient atmosphere and connects to the ame tube (not shottisi gure). (c) : transversal cut of the mesh at the center o
the swirler indicating cells around the eight vanes.

B. Mesh and boundary conditions

A fully unstructured mesh is used in the present calculatlmtause it is well adapted to the complex experimental gggm
A part of this mesh is represented in F&).The choice was made to discretize the complete burner fnempstream manifold
to the end of the ame tube. The mesh is madéanillions tetrahedral cells and the minimum cell volumeig3 10 2
me. Time integration is third order in tinié explicit and with a xed time step equal thi2510 ’ s. All walls are treated as
no-slip boundary conditions. A very large volume is usedinoutate the ambient atmosphere so that the ow and waves are
suitably exhausted from the ame tube. On the large volumerdiiream side, the boundary condition is non-re ectingisTs
also the case for the system inlet allowing an easy modulatsing an incoming characteristic wave conditigf. The ame
tube walls are adiabatic while the backplane and the cemtdsdre isothermal with temperatures respectively xe6@dand
650K. In this way a swirling “V” ame is stabilized which correspon ds to the experimental con guration. One avoids an

“M” shape ame which is also a possible solution if the backwdl is treated as an adiabatic boundary®.
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FIG. 4: Time and azimuthal averages of the axial velocity plotted on a color scale. The superimposed average welocit
vectors correspond to an axial slice through the system.

l -
-0.50

FIG. 5: Top view of the time average axial velocity eld. lastaneous velocity vectors are superimposed.

C. Unperturbed ame

A general view of the mean ow in the system determined from simulation is given in Figs4 and5. The annular jet
ow is diverging at the burner outlet separating an outein@dation zone from an inner recirculation zone. The hijtshear
stresses are found on the extefeaboundary as indicated by the velocity pro les in right part of Fig. The top view in Fig5

indicates that the geometrical axis of the ame tube and #reer of the vortex breakdown region are identical whichdatks

that there is no precessing vortex in the ow.
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FIG. 6: Radial pro les of time average axial velocity comgonu in a section located & mm downstream of the injector
outlet.

One may now compare results of simulation and measuremggtsanining the mean and rms pro les of axial and azimuthal
velocities plotted in Fig6 and Fig.7 respectively. One nds that the simulation provides fagfycurate mean velocity pro les
but that the rms distributions are slightly underestimat@ti LES. One explanation is that the calculated rms prodesnot
account for the subgrid scale uctuations. In addition,hie £xperimental setup, the ow is introduced through ors@nd the
corresponding uctuations are not completely eliminatgdiire honeycomb grid. This geometric speci city of the apyias
is not modeled in the calculation. As a consequence the othéinjector features a higher level of uctuations thantie t
simulation. The grid size used in the simulation is also ppgtoo coarse to fully account for the wakes formed by thinga

edges of the swirler blades.

It is also useful to examine the experimental and numeratakrof swirl. This may be quanti ed in terms of a swirl number

R
. rrfD uv 2 r 2dr .
T, ';rf u22 rdr (7)
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FIG. 7: Radial pro le of time average azimuthal velocity cpamentv in a section located & mm downstream of the injector
outlet.

The swirl number measured in the experimiéig 0:55and the simulation yields a value @58 which is quite close. Another
important variable in reacting ows is the distribution oblumetric heat release rate. Experimental values of thentity
are deduced from images of light emission from free radiliieésOH* and CH*. Average emission images are formed by
summing 100 frames per phase angle. The result is then Abelansformed to obtain a slice through the ame™. A special
proceduré is used to scale the image in W i The interpretation of chemiluminescence data requires som caution™.
Chemiluminescence images may not precisely follow heat ease distributions as underlined in Lauer & Sattelmayer*
because emission may be quenched in regions of intense tutbace. These authors indicate that the chemiluminescence
is shifted downstream with respect to the heat release distrution. In the present case, however, the turbulence intesity
is weak and one expects that the chemiluminescence imagedl né ect the distribution of heat release with a reasonable
delity. This assumption is implicitly made in many studies in combustion dynamics. Experimental data plotted in Fig.
features a certain amount of noise associated with the Adiestorm. If compared to LES, one nds that the distribuaf
volumetric heat release rate are similar. The ame brusHightly thicker in the experiment and the maximum rates are i

agreement reaching in both cases a value clod8@MW m 2 which is quite typical of atmospheric premixed hydrocarbon
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FIG. 8: Volumetric heat release rate distribution in W fnExperimental data on the left are obtained by averaging
chemiluminescence emission images, taking an Abel tramsémd scaling the result in terms of volumetric heat releate
Numerical simulations on the right are obtained by takiniglecuts through the ame and calculating time average
distributions of volumetric heat release rate.

ames at a moderate Reynolds number and an equivalenceafadi@. One also remarks that the left part of the ame is more
intense both in the experiment and in the simulations. Flangée and ame brush thickness are also in good general axpae
The main difference is found at the extremity of the ame whthre simulated ame shape is between a “V” and an “M” ame
and corresponds not strictly to a “V” ame as in the experimenhese differences may be explained in various ways. It is
also possible that the boundary conditions used in the sitioul do not quite match the experimental values. The anbe tis
treated as an adiabatic wall in the calculation which it isthe case in the experiment. The difference is however manor

one may conclude that the natural ame is well representedarsimulation.

IV. PERTURBED FLAME DYNAMICS
A. Retrieving experimental signals

Itis rst worth examining time traces of relative heat release rate signals determined numerically to reveal the differ
ences between the ame response at the two characteristicdquencies { = 60 Hz andf = 90 Hz) and get some insight
on the nonlinearity of this response. The ow is modulated bya sinusoidal axial velocity perturbation introduced at
the bottom of the burner. The level of amplitude is set tou’=U, 0.51. The choice of this relatively high value was made
to obtain a strong periodic motion and an easy extraction of he phase average image. This produces uctuations in
heat release rate which are plotted in Fig9. Results of simulations are obtained by phase averaging thastantaneous
signal over nine periods. The relative uctuation Q.°=a is shown as a function of phase angle during two periods for

the characteristic frequencies. The signals plotted in Fig9 indicate that with a modulation frequency f = 90 Hz, the
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FIG. 9: Heat release rate sign&8=Q. Solid lines correspond to simulation results and are obthby phase averaging over
nine periods of modulation. Black square curve is obtainethtegrating the heat release rate in a window which capttire
signal that would be recorded by a photomultiplier like ia #xperiment. This window excludes points located insiée th
injector and does not account for heat release associatedheipart of the ame which ashes back. Open square curve is
obtained experimentally with a photomultiplier capturthg light radiated by the ame but not that originating fronet ame
inside the injector. (af) = 60 Hz. (b)f =90 Hz.

amplitude of the relative heat release rate signaQ.O:ais much higher than that observed atf = 60 Hz. The amplitude

of the velocity modulation was kept constant at the two forang frequencies and it is essentially sinusoidal with harmoig
content less than 5%, but the two heat release rate rate sigte@are nonlinear. The waveform determined at60 Hz is
markedly different from a sinusoid. Before comparing these results with experimental data, iilnportant to note that the
photomultiplier measuring heat release rate signals irefperiment does not capture the whole light radiated by #ree if
the ame travels into the injector. This actually takes gatf = 60 Hz. It is then necessary to extract the signal which would
be recorded by a photomultiplier. This consists in limitthg integration of heat release to a window similar to theseixpental
observation window (i.e. excluding the injection duct).sRks are plotted as black square symbols. These data carbéhe
compared with the experimentally determined heat releasesignals also plotted in Fi§.(a) and (b). Atf = 60 Hz, both

experimental and numerical results agree in terms of siamgllitudes. The maximum and minimum responses are alsafoun
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TABLE Il: Flame transfer function

f =60 Hz f =90 Hz
Experimental Gain 0.29 1.22
Experimental Phase [rad] 1.98 2.66
Numerical Gain 0.30 1.05
Numerical Phase [rad] - 2.05

at the same phase in the cycle. The shape of the signal is eowevreproduced by the numerical simulation. One can also
conclude that ashback has no effect on the amplitude of #eg helease rate by comparing both signals at 60 Hz but a
strong effect on the phase of these signalst At90 Hz, the amplitude of experimental and numerical signalsagrell with

only a slight shift in phase. The shape of the signal is atelyraeproduced by the numerical simulation.

From both numerical simulations performed in this papeeapectivelyf = 60 Hz andf = 90 Hz, it is possible to retrieve
signals determined experimentally. This can be used tdrob&timates of the ame transfer function and compare tHees
obtained with those given in Fig. The velocity signals are determined at the location useddrexperimental setup and are
used as inputs of the ame transfer function while the gldiit release rate signals are used as outputs of the anmsdran
function to determine the numerical ame response. Resultiggathered in Tablé which compares data for the gain and the
phase of the ame transfer function determined experimnénd numerically. At the modulation frequency of 60 Hz the
global heat release rate signal is calculated in the reglinhacan be observed experimentally with the photomuéipliThis
excludes locations inside the duct which are swept by theeataring a small part of the cycle. A reasonable agreement is

obtained but the phases are less well predicted than the.gain

B. Combustion dynamics

The dynamics is now examined by considering the evolutigch@folumetric heat release rate distribution during a nfesdu
tion cycle. Experiments were previously carried out by gatieg a plane acoustic wave with a loudspeaker locatedeabaise
of the burnet. Light emission by the ame was recorded with an ICCD cam&ia.phase-locked images were recorded during
an oscillation cycle to de ne the motion of the ame at the nutation frequency. Each image, separated by a phase angle of
60 , was formed by accumulating one hundred instantaneouseisn@m Abel transform was then applied to each image to get
the two-dimensional ame slice. The nal images are scaleteirms of volumetric heat release rate and the levels aengiv

W m 3. Results are plotted in Fid.0(a) and Fig11(a).



16

Expetimehts Numerical simulations
0 | § Z [
60 l \ ‘ |—
120 l ; ; |—
180 I ; ; Ii
240 RYS
300 RYS

FIG. 10: Phase conditioned average heat release ratéodtgtri in W m 3 obtained af = 60 Hz. Left : experiments. Right :
numerical simulations. The colorbar is the same as in&j). and (b)

Numerical simulations are also phase averaged by calagldie dynamics over nine periods and by spatially averaging
the results over thirty two axial slices around the axis. UResare plotted in FiglO(b) and Fig.11(b) for the two modulation
frequencieslin both gures, the phase averaged images of volumetric heatelease rate determined experimentally and
from simulation are compared for corresponding phase angls. As can be seen the overall dynamics are well captured by

the LES simulations.

These results characterize the ame dynamics and can betosegrpret the heat release rate signals plotted in%ighe
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FIG. 11: Phase conditioned average heat release ratéodtstri in W m 3 obtained af = 90 Hz. Left : experiments. Right :
numerical simulations. The colorbar is the same as in&j. and (b)

case modulated &t = 60 Hz is rst considered (Fig. HR3). From abo240 to 300 the ame angle , de ned between the
ame sheet and the vertical axis, increases suddenly wtsleootpenetrates intothe burner. This corresponds to a sudden
drop in heat release rate indicated by the continuous deei@ahe raticQ_Oza.in Fig. 9(a) (square symbols, PM experiment).
The ame root is then pushed outside the injection tube aattaehes to the anchoring central rod for a phase corregmptal
nearlyO . This instant also corresponds to the maximum ame angleand one can identify the beginning of a roll-up process
at the ame tip. This roll-up process lasts from ab@utto a phase comprised betwe&80 and240 and corresponds to an

increase of the ame surface area as indicated by $igith the regular augmentation Qﬁ):a. When this mechanism ends the
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ame retracts rapidly and begins to travel back into the leurThis is accompanied by a sudden drop of the heat reletese ra
which reaches its minimum value 200 . The net output of these combined mechanisms examined neayele of oscillation

is that the ame front exhibits a complex motion with some héimck, a strong ame angle change and roll-up of the ame
tips which interfere destructively to hinder heat releasetuations. For a modulation &t= 90 Hz the situation is different.
From90 to 270, the ratioQ_Oza.increases continuously in Fig(b) (square symbols, PM experiment). During this period the
ame tip is progressively roll-up at the extremity while thagle at the ame root reduces regularly but with a limitediation
compared to its maximal value, reached for a phase comprised betwé8nand120 , see in Fig.11(b). The remaining
part of the cycle, the ame surface area reduces regularifevthe distribution of heat release rate takes a compagteshido
ashback occurs during the cycle and the ame remains attddb the anchoring device. In this case, the ame angle featu

a reduced oscillation over a modulation cycle and the ameadyics is essentially controlled by the roll-up mechanisthe

ame tip with large heat release uctuations.

One can conclude this section by underlining two points eamiag the swirling ame dynamics. At = 60 Hz, the ame
features strong uctuations in the ame angle and roll-upte¢ ame tip while atf = 90 Hz, variations of the ame angle
remain limited and the tip roll-up determines the dynamicte ame front inducing large variations in the heat releaate.
The distinct responses observed at these two frequenaebecattributed to the interference between two processée T
rst, responsible for the ame angle variations is caused tstuations in swirl number as shown in section VI.B. The ced

corresponds to ame tip roll-up and subsequent acceleratidurning of reactants.

V. MODE CONVERSION AT THE SWIRLER

A. Theoretical modeling

Before examining two key processes in uencing the ame dyis, it is worth recalling theoretical results obtained
previously in an analysis of mode conversion taking place when an aicowst/e impinges on a swirler. The analysis re-
lies on actuator disk theory and on jump conditions derivgdiarble & Cumpsty* which link ow variables upstream and
downstream of a blade row cascade. One considers that opstream side of the cascade the axial velocity is deternbiged

an acoustic wave at an angular frequehcy
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u(x;t) = T+ uexp(ikx ilt) (8)

When the jump conditions at the actuator disk are speci e@flow Mach ow one nds that on the downstream side of the
cascade, the velocity eld has two components, an axial stiowuelocity perturbation propagating at the speed of dowith

the same amplitude as in the upstream ow and a transverseityetomponent convected by the ow.

u(x;t) = o+ uexp(kx it ) (9)

v(x;t)= Vv + voexp(i!% it ) (10)

The amplitude of the transverse velocity perturbationiisatly related to that of the axial wave:

VO = utan , (11)

where ; is the blade trailing edge angle with respect to the axia@alion. Noting thaV =tan ,U this condition may also be

cast in the form:

vi=v = u* (12)

The axial velocity disturbance corresponds to the trariethiacoustic wave and its amplitude remains unchanged. The
transverse velocity perturbation travels at the ow vetg@. This perturbation is associated with a vorticity wave gatex
at the blade row trailing edges when the cascade is subntitaxial perturbations. Velocity disturbances on the ddveasn
side of the swirler propagate at different velocities beesaivortical mode with an azimuthal component and a tratesiréixial
acoustic wave are generated when the swirler is impinged@axel acoustic wave. This mode conversion mechanismdakin
place at the swirler outlet generates swirl number uctgithat should be taken into account in the analysis of #porese of

the ame’. In a non-swirling jet a “v” ame would be rolled up by the vest generated by the acoustic-vortical conversion at
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FIG. 12: Velocity uctuation signals recorded 28 mm downstream of the swirler and at a radial distanc& omm from the
axis. Modulation af = 60 Hz.
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FIG. 13: Velocity uctuation signals recorded 28 mm downstream of the swirler and at a radial distanc& 6fmm from the
axis. Modulation af =90 Hz.

the outlet of the injector. In the present study, the swirjiet will be submitted to two key processes: the classicetexaoll-up

and effect of the swirl number uctuation.

B. Signal analysis

From analytical modeling derived previou$lyt is possible to compare the amplitude of velocity sigrialthe downstream
ow with predictions. Figurel2 and Fig.13 display velocity uctuation signalbtained from LES. The perturbed axiai®,

azimuthah® and radial? velocity elds are recorded at a probing point locag&imm from the swirler and at a radial distance
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FIG. 14: Axial evolution of phase shift between relativeogty uctuationsu®=T andv®=v with respect to the axial velocity
uctuation at the swirler outlet at = 0. Modulation aff = 60 Hz.
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FIG. 15: Axial evolution of phase shift between relativeogty uctuationsu®=t andv®=v with respect to the axial velocity
uctuation at the swirler outlet at = 0. Modulation aff =90 Hz.

of 5:7 mm from the axis. Itis rstinteresting to note that the rddielocity uctuation is relatively small compared to axiahd
azimuthal components. One nds that the amplitude preditteoretically Eq.11) is in agreement with numerical results if

one takes , equal to 30.

Figurel4and Fig.15, corresponding tb = 60 Hz andf =90 Hz respectively, show the evolution of the phase shift betwe
axial u®and azimutha\® velocity uctuations. These curves are obtained by low plssng the velocity data obtained from
the simulation. The procedure consists in applying a FFBritlym to the velocity eldsu®andv®. This is used to Iter out
higher frequency components corresponding to vortex shgdd the swirler wakes. An inverse FFT is then applied to the

result. This process provides the Itered uctuating veltes. One can then investigate the evolution of the phaselsitween
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the perturbed velocity signalg’ andv® with respect to the axial velocity signa? measured at the swirler trailing edge= 0
mm. The phase shift is obtained by calculating cross powectspl densities of the Itered velocity signals at disergbints
separated by a distance ®imm and located on a sideline in the downstream ow. The phbh#elsetween ltered velocity
perturbation signals is deduced from the complex value @fctioss power spectral density at the driving frequency.biedn
modulation frequenciels = 60 and90 Hz shown in Fig.14 and Fig.15, one nds that the phase shift of is nearly constant
indicating that this component propagates at a high veladitich is that of an acoustic wave. Results differ for the¢nzerse
velocity component®. In Fig. 14, the phase shift increases roughly linearly with the distao the swirler and reaches a value
a bit lower thar2 atx = 35 mm for a modulation frequendy = 60 Hz. The value taken at the swirler trailing edge= 0
simply indicates that the the blade is inclined with a negeadingle with respect to the axial direction & 30°). For a higher
modulation frequenc§ = 90 Hz, the phase shift also increases linearly with the digtdram the swirler but reaches a larger
value thar2 atx = 35 mm (Fig.15). The slope is proportional to the frequency and the trarsgveelocity component®

travels at the ow velocityd.

It is now appropriate to use space-time diagrams to invagithe mode conversion taking place at the swirler, buteglare
not included in the paper. The space-time diagrams desitrébmporal evolution of axial and azimuthal velocity uetions
u®andv® on a straight line parallel to the swirler axis at a radiatatise of5:7 mm. Data are recorded at points separated by
x =5 mm over a distance = 30 mm and for a time period agfO ms. In these diagrams, one observes a periodic pattern of
alternating high and low velocity stripes which are nearggpendicular to the time axis and re ect the acoustic natdthis
perturbation. One also observes the azimuthal uctuatomgponent. One nds that the space-time diagram is well dd ard
the pattern is inclined forming oblique stripes. The sloae be used to estimate the convection velocityQf=3:3ms ! of

the transverse componerft

These diagrams clearly demonstrate that the velocity atituns travelling in the injection duct behind the swirleffet
in nature. The axial perturbation is acoustic while the $ka@mse component is convected by the mean ow with a velocity

U ' 33ms L
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VI. CONTRIBUTING MECHANISMS

A. Swirl number uctuations

The velocity eld characterized in the previous sectionduoes swirl number uctuations. These variations may bermdet
mined directly by calculating instantaneous values of thiel \umberS using expression Eq. or a linearized version of this

expression :

o

wll @
I
<<

d| e

(13)

This form is approximate but easy to use and more physicalastalready employed in the experimental analysihie axial
and azimuthal velocity signals at the base of the ame are ne®d to determine the level of swirl. The point where the cigjo
signals are determined is locatedi&® mm from the combustor backplane and at one half of the injetitoneter { = 8 mm).
Experimental swirl number uctuations are plotted in Fig(e) forf = 60 Hz and in Fig.17(e) forf =90 Hz. Results deduced
from numerical simulations are displayed in Fig(f) for f = 60 Hz and in Fig.17(f) for f = 90 Hz. These diagrams indicate
that the numerical simulation suitably captures the swirhber uctuations observed experimentally. The match ispsofect
but the velocity signals and resulting swirl number ostittias are reasonably well retrieved. The previous data carthat the
pulsating velocity eld induces swirl number uctuation3.hese variations are found in the experiments and the siiooga
larger for a modulation at 60 Hz than at 90 Hz. This in turn pices larger ame angle uctuations at 60 Hz than at 90 Hz as it

was observed in FiglOand Fig.11.

It is next attractive to examine the processes which detegrtiie ame response. The rst identi ed mechanism is linked
to the motion and strength of the Inner Recirculation ZomZjlwhich is controlled by the swirl number and de nes in turn
the ame angle with respect to the axial direction. The secprocess is related to vortex shedding from the injectoeliy.

To examine the dynamics of the IRZ and the in uence of the uating swirling ow, one may rely on LES and plot the axial
velocity elds and velocity pro les during one cycle of motation. Figurel8 shows the ow con guration at six phases during
a cycle for the two modulation frequenciess 60 and90 Hz. For both frequencies, one observes a well de ned ceirtragdr
recirculation zone where velocity vectors indicate a regeow. The strength of this IRZ changes during the cycle. Wie
rotation rate is low, the IRZ is essentially formed by thefbhody and the negative axial ow velocities are low. Whereth

rotation level is high the IRZ is strong and the reverse owrisre intense. This is in agreement with previous experialent
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FIG. 16: Experimental velocity signals, numerical velgaiignals and linearized swirl number uctuati®¥=S at the base of
the ame atf = 60 Hz. (a) and (b) : Axial velocity signals®=u. (c) and (d) : Azimuthal velocity signal®=v . (e) and (f) :
Linearized swirl number uctuatio$*S.

studies” in which the swirl number is varied continuously.
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FIG. 17: Experimental velocity signals, numerical velgaiignals and linearized swirl number uctuati®¥=S at the base of

the ame atf =90 Hz. (a) and (b) : Axial velocity signals’=u. (c) and (d) : Azimuthal velocity signal®=v . (e) and (f) :

Linearized swirl number uctuatio®S.

At f = 60 Hz, the maximum backward velocity is reached for a phase ciseghbetwee240 and300 while atf = 90
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FIG. 18: Axial velocity and velocity vectors: on the lefit= 60 Hz; on the rightf = 90 Hz. The maximum velocity ig4 m
s ! and colored in red while the minimum velocity i2 m s * and colored in blue.

Hz, this maximum is reached betweg®0 andO . These phases nearly match with maximum of the swirl numbardicated
in Fig. 16(e) and (f) and Figl7(e) and (f). The velocity vectors plotted in Fi§y8 indicate that similar levels of uctuation

of reverse ow occur during a cycle of modulation near thelaring rod. This is better shown in Fi§9 where the relative
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FIG. 19: Axial velocity uctuationu®=u extracted from LES on the burner symmetry axis 4r&imm downstream the
backplane of the combustor.
axial velocity uctuation ratiou’=T takes about the same level for both modulation frequenai¢d vicinity of the central
bluff body. It can however be noted that the motion of the IRKets place at a different phase with respect to the incidealt a
velocity uctuations. The unsteady ow around the rod aldwaoges signi cantly for the two modulation frequencies.afge
reverse ow takes place along the central rod for phases ciseghbetweed80 and300 atf = 60 Hz while this phenomenon
remains very limited betwee2d0 and0 atf =90 Hz. This may indicate that a certain swirl number uctuatlewel must be

reached to induce ashback along the central bluff body.

B. Interfering mechanisms

One may now try to see how the two dynamical processes exdnpireviously combine to de ne the ame response to
incident velocity perturbations. It is found from previceiperimental workthat the ame motion is governed by a mechanism
where the swirl number is perturbed inducing variationsame angle and a mechanism where vortices shed from thednject
lip interact with the ame inducing changes in the ame sudaarea. These mechanisms were found to act constructively o

destructively depending on the modulation frequency.

To examine the vortex shedding process taking place at feetan lip and rolling up the ame, one may rst locate the
vortex structures in the ow at various instants during a miation cycle. The identi cation of vortex structures isre@niently
achieved by post-processing the LES and calculating a ghasage Q-criterion elds. This quantity is de ned By.

Q=2 k k* k SK? ; (14)

NI =

whereS is the symmetric component of the velocity gradient whiles the antisymmetric part. Q-criterion elds are plotted in
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FIG. 20: Q criterion contour in color: the colorbaris setrfr@ 1 s 2inredto 21 s 2 in blue. Heat release rate contours
in black are used to track the ame front during one cycle ofdmlation. Left :f = 60 Hz. Right:f =90 Hz.

Fig. 20together with phase average ame contours shown as blagklsas at each phase of the cycle separate@®y These
results are obtained by taking an average over nine cytlesalso possible to improve the result by taking azimuthalages

because the phase average is rotationally symmetric. Tlhebeo for the Q-criterion is set fro: 10° s 2 inred to  2: 10°
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s 2 in blue. The description of the dynamics can be analyzed layninxing vortex patterns in the ow and their interactions
with the ame front. Heat release rate contours are also ts&dck the ame front dynamics during one modulation cyéier
the modulation frequendy = 60 Hz, one nds that a vortex is shed from the injector exterigahlear300 . The corresponding
swirl number determined at the base of the ame is also closiégstmaximal value (Figl6(e) and (f)) and this induces a
ashback along the anchoring rod due to the high value of thation rate. The ame angle is also large because of the high
rotation rate (Fig10). In these conditions, the vortex generated at the injdigozannot fully developand rapidly interacts
with the ame tip for a phase nedr . Its size and strength remain thus limited and the resuléinge roll-up is weak during
the remaining part of the cycle. At= 90 Hz and for a phase correspondingd® , an annular vortex is shed from the injector
external lip. The corresponding ame angleat that instant in the modulation cycle is signi cantly steathan af = 60 Hz
because swirl number uctuations are substantially redunehis case (Figl7(e) and (f)). This vortex is thus convected by
the ow and increases in size and strength before intergatiith the ame for a phase of abodB0 . At this instant in the
cycle, it is strong enough to roll-up the ame tip froh80 to 300 thereby increasing the ame surface area. Finally, during
the next part of the cycle, the vortex is dissipated, the &noat extremities collapse and the ame spreads over a baved

and one observes the formation of a new vortex pattern indboedle to the mode conversion process taking place at thikeswi

The previous results indicate that a strong vortex rollshe ame atf = 90 Hz which is con rmed by the experiments,
see in Fig.10(a). It is also found that vortex shedding is signi cantlys¢eimportant at = 60 Hz. The formation of the
vortex is canceled by the important swirl numberfat 60 Hz while atf = 90 Hz, its formation takes place in a quasi
non-swirling jet. This clearly shows that the rate of ratatiof the ow has an impact on the annular vortex shedding. The
present calculations also indicate that the ame motioneiemined by the relative phasing between the IRZ strengtiua-
tions controlling the ame angle and the incident axial v@tg uctuations. At60Hz, the phasing is such that the ame angle
changes signi cantly and the vortex created by the axiabeiy uctuation rapidly interacts with the ame without gsibility
to gain in size and strength. R0 Hz, the IRZ dynamics combined with the axial velocity ucticas keep the ame angle at
an essentially constant value and this let time for the wogenerated by the axial velocity uctuation to fully devpkd and
gain in strength before interacting with the ame. Theseifdring mechanisms can only be explained by taking int@awt

the mode conversion mechanism at the swirler outlet whiahtise origin of swirl number and thus ame root angle uctigais.



30

VII. CONCLUSION

The dynamics of a swirling ame submitted to incident ac@ustlocity perturbations is investigated numerically. €eTh
incoming wave is initiated on the upstream side of a swirlat.ut is rst con rmed that mode conversion takes place la¢ t
swirler and that this gives rise to azimuthal velocity uations which are convected by the ow. The numerical resalt®
agree with theoretical results obtained previously by makise of an actuator disk theory to evaluate the levels aiuation in
the ow on the downstream side of a blade row cascade. The gwtibn of axial and azimuthal velocity perturbations iodu
variations in swirl number con rming previous experimenté@servations of this process. The calculations also atdithat
vortex shedding taking place at the injector lips can indaoge roll-up and subsequently large variations in ame s area.
The two mechanisms of rotation rate uctuations and vorkup combine in one case and lead to an intense uctuation i
heat release. In a second case, these mechanisms intexfnectively inducing a low level of heat release rate wattans.
The outcome depends on the inlet acoustic wave frequenayl&iions indicate that vortex roll-up is strong when uations
of the rotation rate are limited and the inner recirculatione strength is weak. In contrast, the shedding and rotlrapess is

less intense when the IRZ strength features large uctnatand the rotation rate is high.
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