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Abstract

Numerical simulations were used to characterise the m@&ti response of a turbulent premixed flame to acoustic
velocity fluctuations. The test flame simulated was thdflidody stabilised flame which has been the subject of a
detailed experimental stuqiBalachandran et al., 2005, Combustion & Flame). Simulations were performed using
Large Eddy Simulation (LES) via the open source Computati&ituid Dynamics (CFD) softwareZode_Saturne,

with combustion modelled by combining a Flame Surface Dgn&SD) method with a fractal approach for the
wrinkling factor. The cold flow field and the unforced reagtiftow were used for preliminary code validation. In
order to characterise the non-linear response of the uhstesat release rate to acoustic forcing, a harmonically
varying velocity fluctuation, for which both the forcing §eency and normalised forcing amplitude were varied,
was imposed. The flame response was characterised via a Blaseeibing Function (FDF), also known as a non-
linear flame transfer function, for which the gain and phasé& sepend on forcing amplitude as well as forcing
frequency. The response at four frequencies was comparexperimental data in detail, confirming that the LES
results captured both the qualitative flame dynamics andjtla@titative response of the heat release rate with very
reasonable accuracy. The full FDF was then obtained across frequencies, again showing a good fit with the
experimental data, other than for a slight under-predicitiogain, most probably due to neglecting tHeeet of wall
heat loss and theffect of combustion modelling. The agreement was signifigametter than has been obtained
previously for this test case using numerical simulatioféally, it was found that increasing combustor length
had little dfect on the flame response, which may prove useful for futurg mmbustor stability and limit cycle
analysis. This work thus confirms that LES, in this case viadpen sourc€ode_Saturne, provides a useful tool for
characterising the response of lean premixed turbuleneiam

Keywords: Flame describing function (FDF), Combustion instabilltgrge eddy simulation, Premixed flame,
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1. Introduction

Combustion in gas turbines, for example in power plants amadt jet engines, produces N@missions that
cause air pollution. Lean premixed combustidifers a means of reducing N@missions, but at the expense of
increased combustor susceptibility to damaging combustistabilities [1]. These instabilities arise from the two
way coupling between the unsteady heat release rate frorugiion and acoustic waves within the combustor. The
two-way coupling forms a feedback cycle, which can lead ttcessively increasing amplitudes [2]. Combustion
instability is noisy and the resulting vibration can selietlamage the gas turbine. Therefore, the ability to predict
and design-out instability during the design phase of agdsrte combustor is crucial to achieving further reducdion
in NO, emissions.

Accurately predicting the stability of a given combustoithe subject of a significant current researdfor.
Computational simulations must accurately incorporateteady combustion, acoustic waves, turbulence and heat
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transfer, all over the (relatively) long timescales oveiahitinstabilities develop. This means that computationadifl
dynamics (CFD) simulations of entire combustors, and theched components which influence their behaviour,
although possible, are impractical as an industry anatgsis Low order combustor models are seen as a feasible
alternative, e.g. [3, 4, 5, 6, 7]. Such models describe timebestor as a network of connected modules, and exploit
the fact that one of the two phenomena key to the combustgiability mechanism, the acoustic waves, are very well
modelled using simple analytical approaches. The respufitke flame unsteady heat release rate to perturbations can
be captured via a flame model [8, 9]. The flame model shouldjporate non-linearity at higher amplitudes, with this
now established as being the main mechanism responsibsafioration into limit cycle in gas turbine combustors.
In the past, very simple flame models were used [3, 4, 5, 6,r&ifoulating general qualitative behaviour. However,
more realistic flame models are now known to be needed to atatyipredict stability boundaries and limit cycle
amplitudes.

The flame model is traditionally defined via a (linear) flanamsfer function (FTF) [10], given by,
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whereQ’/Q is the normalised heat release rate fluctuationwayidthe normalised inlet velocity perturbation induced
by the acoustic flow field. A linear model cannot predict tingiicycle amplitude [3, 11], nor other non-linedfects
such as triggering and mode switching. Fairly recentlys tancept has been extended to a non-linear flame transfer
function [4, 5, 6, 7], also known as a Flame Describing Fumc(FDF) [12, 9, 13], defined as:
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where the FDH-(w, |U'|) is generally expressed in the frequency domain as gainl{f@ae) G(w, |U'|) and phase
¢(w, |U']) which are functions of both forcing frequeneyand amplitudeu’|. This approach makes the assumption of
weak non-linearity. That is, the flame response to harmanirig is assumed to be primarily at the same frequency
as the forcing, but with a gain and phase shift which depepds the forcing amplitude as well as the frequency. By
combining the FDF with a model for the combustor acousthus Jimit cycle amplitude can be determined.

Experimentally, several studies [14, 15, 5, 6, 16, 11, 17198 20] have been conducted to determine the flame
models needed for stability analysis. Recent examples®irtblude Noiray et al. [9], who experimentally measured
the FDF of an unconfined laminar burner; on combining with @uatic model they obtained limit cycle predictions
in excellent agreement with experiments. Palies et al. §ignded this to a turbulent premixed swirling flame, while
Silva et al. [22] combined a measured FDF for a premixed s@iicombustor with a Helmholtz solver, predicting the
limit cycle amplitude to within reasonable agreement witpeximental data. Note that this approach has been used
not only at lab scale, but also for real gas turbines operatédyh pressure [20].

These experiments suggest that the gain of FDF tends toateces the amplitude of the applied velocity fluctu-
ations increases, which can lead to saturation of heatselescillations [6, 16, 17, 9, 18, 19]. The physical cause of
the saturation may be the interaction of the flame front withezent structures [6, 16], attachment point dynamics
[23] or flame quenching [18]. It has also been shown that tteselof the FDF may change with forcing amplitude,
which may cause saturation due to a change in the nature &ahkeigh source term driving combustion instability
[9]. Swirl number fluctuations [24, 25] and the phasedence between the axial and tangential velocity fluctnatio
[26] may also play an important role.

Although for complex systems, experimental measuremeatsiarently preferred, computational simulations, if
suficiently accurate and fast, wouldter the benefits of allowing stability predictions prior tgeximental realisation.
Possibilities for incorporating flame information provitley high-fidelity CFD into low order combustor models are
only recently beginning to be exploited.

The use of computational methods for capturing the flameoresphas been more limited. The linear FTF of
several flames has been extracted using URANS (UnsteadyoRisyAveraged Navier-Stokes) simulations, giving
reasonable results [27, 28, 29]. Armitage et al. [7] used NBAo obtain the FDF for the bffibody stabilised pre-
mixed flame experimentally investigated by Balachandrai.€6], capturing qualitatively the shape of the response,
but with a significant Giset in the amplitude of the heat release rate fluctuationanRutal. [30] used URANS to study
the same case, implementing a more advanced combustion.méaléarge Eddy Simulation (LES) investigations
for this case have yet been performed.



The flames in gas turbine combustors are turbulent. LESowdth computationally expensive, is capable of
capturing the turbulent mixing and unsteady behavioud witéamproved flame models. LES is now widely used to
study turbulent premixed combustion more generally, nsitijuthe context of combustion instability [1, 31, 32].

The need to include acoustic waves when considering the flespense means that compressible CFD approaches
are typically chosen for flame response investigations s&hleowever, are limited by the speed of sound appearing
in the CFL time step limit, meaning that small time steps &auired. For low-Mach number flames, this causes a
significant increase in computational cost. Incompressioldes are thus advantageous. To use an incompressible
LES code to determine the FDF, simulations will be perforffaech small domain within the combustor. At the up-
stream boundary of the LES domain, the acoustic velocitiupeation will be transformed to an incompressible (i.e.
hydrodynamic) fluctuation for the purpose of the flame respdB3]. This is justified as the flame response is well
known to be unfiected by compressibilityfeects [23, 16, 34]. The response of the unsteady heat reléseftame
to this velocity perturbation can then be found foffelient forcing frequencies and amplitudes, allowing the E®F
be obtained using incompressible simulations. Febrer. §88] used such a hybrid approach for coupling acoustic
wave dfects with incompressible LES for the flame response. Thedamlumented ORACLES test case [35, 36] was
used for validation, exhibiting combustion instabilitys®@Hz. An acoustic network model [3] for the whole geometry
was coupled with incompressible LES at the combustor iflkstgy with the acoustic wave amplitude at this plane
matched to a hydrodynamic inlet forcing in the LES. The flaesponse was obtained only at the known instability
frequency, and the hybrid approach provided predictiong@sonable agreement with the experimentally measured
limit cycle amplitude. This was encouraging for the usedsin of the coupled hybrid approach. An incompress-
ible LES solver was also used to study an acoustically foflzede by Krediet et al. [37, 38] under swirl premixed
conditions. Experimentally, the acoustic forcing was jled by speakers mounted in the upstream duct: this was
imitated numerically by introducing velocity excitationthe inlet in the simulations. No flame shape dynamics were
considered. The predictions were found to have good agmtemth experimental data. Building on these ideas, the
present study uses an incompressible LES solver to studgarstically forced premixed flame, and obtains the full
FDF under conditions for which a detailed experimental carigon can be performed.

The present numerical study considers the target case blitfihody stabilised flame investigated experimentally
by Balachandran et al. [6, 5]. This case has the advantag lod\ing an “acoustically short” flame within the
combustor (unlike, for example, the long flame in the ORACLd&&bustor [35, 36]), which simplifies extraction
of the unsteady heat release rate and future coupling wibstic models (ii) having significant experimental data,
including flame shape images, available for validation diidhaving controlled acoustic boundary conditions to
facilitate future comparison with limit cycle amplitudealtbough these are only available for a partially premixed
flame due to possible flame flash back under premixed condjtiofihe flame is acoustically forced with forcing
velocity amplitude up to 64% of the mean flow. Thus far, onlyANSS simulations [7, 30] have been conducted and
only at the two forcing frequencies of 40Hz and 160Hz. Theotiyes of the paper are: (1) perform LES studies of
the case for the first time and to compare these with expetahdata and URANS results; (2) validate the numerical
approach of LES for turbulent premixed flame simulation Hase an open-source CFD softwafegde_Saturne
[39, 40]; (3) calculate the full FDF of the flame response g4iES, and to compare these to the experimental results.

The target case will be described in section 2, followed lyrthmerical details of the LES simulations in section
3. The cold flow results with and without acoustic forcinglwig presented in section 4. The reactive cases with and
without acoustic forcing at frequencies of 40Hz, 160Hz,124@nd 310Hz, will be given in section 5. The full FDF is
presented in section 6 and the discussion of the resultsfeteagated combustion chamber case is given in section
7. Conclusions are presented in the last section.

2. Experimental test case

The test case considered is an acoustically excitefi-bbdy stabilised turbulent flame within a combustor, as
shown in Fig. 1. This is described in detail by Balachandtaal.g5, 6], and has featured in other studies of turbulent
flames [41, 42, 43, 44]. A long tube emerges from a plenum cleamiithin which is a conical bli body with
diameterd = 25mm. The air and gaseous ethylene are mixed far upstream to gieefectly premixed mixture prior
to the combustion. Combustion occurs in the “enclosure”@@mm long quartz cylinder of inner diameter 70mm
which can avoid equivalence ratig)(variations due to the surrounding air entrainment. In tresent numerical
study, an equivalence ratio ¢f= 0.55 is used, although other ratios were also investigatelddexperiments.
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Figure 1: (a) Schematic of the experimental combustor test[fis@) computational setup showing for the present LESistud cut ¢ = 0) of
the computational domain.

In the experiments, the acoustic forcing was generated byldudspeakers, excited by a sinusoidal signal from
waveform generator. This introduced velocity oscillafat the bltf body. Under premixed conditions, there are
no equivalence ratio variations and the heat release rateditions are dominated by velocity fluctuations upstream
of the flame. Under the weakly non-linear assumption, forcwHorcing sinusoidally leads to a sinusoidal flame
response at the same frequency (i.e. there is minimal géoeict harmonics or subharmonics), the amplitudé (
and the frequencyf( of the forcing velocity fluctuation are then the two paraangtupon which the heat release
rate fluctuation depends. The normalised forcing amplitaig frequency were varied independently over a large
range, with the forcing amplitude able to reach 64% of thermeasdocity in the experiments. The experiments [5]
suggested that the plenum chamber with the air supply lioevetl the features of a resonator with peak responses
around 40, 160 and 32x. The heat release rate was measured with OH* and CH* cherimksoence, and the
phase-averaged FSD (Flame Surface Density) images obthoma the PLIF (Planar Laser-Induced Fluorescence)
images were revolved around the burner central axis and algoeused to obtain the normalised cyclic heat release
fluctuation [5, 6].
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Figure 2: Time series of signals with sinusoidal forcind at 160Hz andA = 0.45: (a) normalised reference velocity signal, acousticqmesand
OH* chemiluminescence signals in the experiments of [5]; (madised reference velocity signal and heat release ratalsigpm the present
LES simulations.

To characterise the response of the flame, a velocity fluotuatpstream of the flame is used as the reference

forcing signal in both the experiments and the present sitimis. In the experiments, the reference velocity was
taken at the combustor inlet (the position with the bulk e&loV, in Fig. 1(b)) determined from the acoustic pressure
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measurements using the two-microphone method. In the ation$, the reference velocity signal is taken at the
computational inlet (the position with bulk velocig in Fig. 1(b)) but without the superimposed turbulent flutioa
Figure 2 shows an example time series of reference forcipgats and resulting heat release rate signals in both
experiments and the present simulation. The chemical sdarma. in Eq.(5) is integrated and recorded during the
simulations to represent the heat release rate and an exaigpkl is shown in Fig. 2(b). The signals are analysed
spectrally using the Fourier Transform technique in ordedeétermine the complex amplitude of the signals at the
forcing frequencyf. In the experiments, the values of OKfj/(OH*) and CH*(f)/(CH*) are used as estimates of
Q' (f)/(Q), and the value ofo.'(f)/(ce) is used to represent’®)/(Q) in the present simulations. Based on the two
guantities, heat release rate and reference velocity Isitnes=DF defined in Eq.(2) can be determined.

The response of the cold flow field in the absence of a flame titglforcing will also be studied in the present
paper. Experimental and LES data for this flow are availad#g, [and provide an additional means of validating the
LES solver ofCode_Saturne.

3. Numerical method

The present numerical simulations were large eddy sinanlat{LES) using the open source cdtlade Saturne.
The code has been used in several turbulent flow [46, 47, 4Bjwabulent combustion [49, 50, 51] simulations. It
is a parallel, general purpose, three dimensional low Machber CFD code based on a finite volume method, with
a collocated arrangement for all variables. In the cold flase; the filtered Navier-Stokes equations are solved for
the mass and momentum equations, while in the reactive agds88D combustion model is used and an additional
equation describing the reaction progress variables dolve

The turbulence is modelled using the popular WALE (Wall-ptitag Local Eddy-viscosity) [52] LES subgrid
scale model. The turbulent viscosity is given by:
(S¢s8)2

Ht = p(CuA) ==
(SijSij)®2 + (S S5)%/
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where the model constafl, is equal to 0.5 [52]A is the cubic root of the cell voluméi,- is the strain rate of the
resolved velocity. Ternsﬂ. is the traceless symmetric part of the square of the velgeéglient tensog;j, defined as:

1., 1 .
Sf = é(gizj +§%) - §5iigﬁk 4)

with §;; = 90 /9x;. Note that the symbol  denotes the spatial filtering usedt® &nd the symbol™ denotes density-
weighted filtering defined ag = p¢/p for an arbitrary variable.

Different models have been proposed for LES of premixed turbatambustion, most of them being variants
of the flamelet concept [31]. Recent developments in contiushodels and relevant issues are reviewed in [53].
Previous work has confirmed that the flame relevant to thetesst operates in the premixed combustion regime of the
thin reaction zone [42]. It is thus appropriate to use a FSDmgstion model for the simulations. In this method, all
species, mass fractions and temperatures are lineartgdedad the combustion process can be described by a single
scalar known as the progress varialdiewhich has the range 0 to 1 [1¢.= 0 represents the limit of fregmburned
gasses while = 1 represents the limit of burned gasses. The governing iequait€ reads:

W0, 289 _ 2o+ )2,

ot ax 0% Sc)ox
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whereD is the laminar dtusivity, u; the turbulent viscosity obtained from the WALE model (Eq.aB)d Sc the
turbulent Schmidt number equal to 0.7.

The complex turbulence and combustion interactions aresepted by the modelling of the chemical source term
wc (Eq. (5)). In recent papers, some of the more popular alieB®D models are assessed in the context of LES
based on DNS results or experimental data [54, 55]. In thegmtestudy, the source term is modelled using:

we = puSPET (6)
5



in which py is the density of unburned gaS,0 the unstrained laminar flame speétithe wrinkling factor andz
the FSD per unit volume. For the present ethylene and airigeghgas with an equivalence ratio ¢f= 0.55, the
unstrained laminar flame spesﬁ is determined by an empirical formula obtained from the expental data [56].

The FSDX corresponds to the resolved reaction rate estimated froenefil quantities such &s An algebraic
expression is used in the present work [57, 58]:

12« ~

=) )
(A2 + 6|2)

whereA is the mesh scale arlis the laminar flame thickness which is introduced here taenthe correct behaviour

whenA — 0[59].

The wrinkling factor= measures the ratio of the total to the resolved flame surfacge filtering volume, or
essentially the ratio of turbulent to laminar flame speede rodelling of this wrinkling factoE can significantly
affect the simulation predictions. Several models have puslydeen proposed [54, 55]. The one used in the present
study gave the best fit to experimental data, and is basedrebys fractal approach [60]:

- Usgs
= = [Fn (S—IO

where D¢ corresponds to the fractal dimension with the value of 2.[&8] andI', the dficiency function which
accounts for the contribution from small vortices to wrimkhe flame front. The parametgris modelled by Angel-

berger et al. [61] as:
A 2/3
4

é

D¢-2

(8)

12
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In the models (Egs. (8) and (9)), an approximation of the sdkgtale velocity fluctuationg is required. As in
the previous studies [55, 62], it is estimated using thevegleL ES model:

Ue. = Mt (lO)

U5 HCwA

Percentage (%) of wall cells

Figure 3: Statistics of the wall-normal distangé, for all the wall cells.

The above FSD combustion model was implemente@dde _Saturne. All variables in the code are collocated
at the cell centres and the SIMPLEC predictmrection algorithm is used for pressure-velocity caugpli The
convective terms are discretized using a second orderatatifiierence scheme and a second order upwind scheme
was used for the scalar equation. The temporal advancenasmpproximated using a second order Crank-Nicolson
implicit scheme. Version 3.0 of the code is used in this wdide more details refer to [39, 40].
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The computational domain consists of the whole of the comaber “enclosure” in Fig. 1) and the upperiam
of the incoming circular duct. &-cut of the computational domain is shown in Fig. 1(b) inchglthe coordinate
system used in the present simulations. Twidedént hexahedral meshes which contain about 1.2 millionZasd
million cells, respectively, are used to check the meshprddence. The results which follow are from the finer mesh
unless stated, in order to capture the small flow scales asatety as possible. Meshes are clustered near the solid
walls and the first node is located aboud@nm away from the walls. Figure 3 shows the statistics/ofi.e. the
closest wall-normal distance of the nodes, from the sirmaratn the finer mesh. It can be seen that the majority are
located within the viscous sublayer. Furthermore, theayepofy* is around 0.83 which is suitable for wall-resolved
LES simulations. In the main reaction region (the first hdlfh® combustor), the finer mesh has scales of around
(0.2mm, 0.4mm, 0.6mm) which lead to around (5, 11.0, 16.5) wall units - these resolutions meet the requirements for
typical wall-resolved LES simulations very well [63].

an

MERNONED®

Figure 4: Comparisons of the time-averaged axial veloaitys| from the present LES (left) and previous LES (right) sted#b] for the unforced
case. Points A-F are located at (0, 5), (15, 50), (30, 5),@, @5, 50) and (30, 50) (imm), respectively.

In the simulations, all boundaries other than the inlet antleb are treated as solid walls, where non-slip wall
conditions are applied. The walls are assumed to be adialpa¢ianing that heat loss is neglected. At the inlet, the
velocity is imposed in the form of Eq.(11). In the experingiiie time-averaged bulk velocity entering the combustor
wasV, = 9.9m/s, giving a Reynolds numbd®e = dV,,/v = 17000 [44]. Forcing was via pulsing of the flow upstream
of the combustor by loudspeakers, such that a single frexyuggrmonic velocity is superimposed on the mean flow.
Numerically, we represent this with a velocity profile in #ienular passage at the simulation inlet of the form:

V = Vo [1+ Asin2rft)] + Vi, (11)

whereA s the normalised velocity forcing amplitude ahthe forcing frequencyA andf are varied independently in
the simulations in order to obtain the FDF. This form for tbecing has been used to simulate harmonic loudspeaker
forcing of a flame in previous numerical studies [7, 33, 37], 3Rote thatV, is the mean velocity entering the
combustion chamber and, the mean velocity at the inlet of computational domain - ¢haee related by mass
balance such thaty = 5.17m's (see Fig. 1(b) for details). It was observed in the expenmés, 44, 42] that
considerable turbulent fluctuations were present in therineg flow. The ternVy, in Eq. (11) is therefore modelled
using a Synthetic Eddy Method (SEM) [64, 65], with amplitu®o of the mean velocity. The influence of this is
addressed in Sec. 4. At the outlet, the default “outlet” latzug condition inCode_Saturneis applied: this consists of
homogeneous Neumann conditions for velocity and scalatsadirichlet condition for pressure (see refs. [39, 40]
for more details).

4. Results: cold flow

The combustor flow field in the absence of a flame is firstly stidhioth in the unforced case and in the presence
of acoustic forcing. Note that the experimental setup hss laéen used for studies of purely turbulent flow [45] and
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non-premixed combustion [66, 67]. Experimental data [6&],ahd reference LES results [66, 45] are available for
the cold flow cases, providing an initial means of validating present LES solver.

For the unforced case, the present LES predictions are qechpéth available experimental data [67] and two sets
of previous LES studies [66, 45]. The time-averaged axialifection) velocity field is compared to that previously
obtained from LES [45] in Fig. 4. Note that the two simulasamploy dfferent subgrid scale models (the present
LES uses the WALE model while the previous LES uses dynamiaddminsky). The two LES studies predict similar
main flow structures which can be distinguished clearlyluiding the annular jet, two shear layers and the central and
outer recirculation zones. Agreement is good in the first dfathe computational region, fallingfbat the top of the
internal recirculation zone.

Further validation of the present LES solver is performedgighe previous cold flow LES study of [66]. Fig. 5
compares the radial profiles of the mean and RMS axial védscitt three distances from the fitbody, i.e.y/d =
0.22,1.0,2.0, respectively. The experimental data [67] are also iredufibr comparison. A SEM free LES study
is also performed to explore théfects of the incoming turbulence fluctuations. For both thamend RMS axial
velocities, the agreement of the present LES with experiatelata and previous LES results is good when the SEM
is applied, but weakened when it is not. This confirms tha8ta& should be applied in the simulations. For the RMS
velocities, the present LES underpredicts the experinheiata, something that was also observed for the previous

LES study.

LES
ES -no SEM
LES -with SEM

s LES LES
== present LES -no SEM LES -no SEM
LES -with SEM

P
= present LES -with SEM

,
15

. .
0 0.5 1
z/d

Figure 5: Comparisons of meaW/{/,)) and RMS V;ms/Vp) axial velocities by the present LES, previous LES and erpamtal studies for the
unforced cold flow case at three locations: VaY,, aty/d = 0.22, (b)Vims/Vp aty/d = 0.22, (c)V/Vy aty/d = 1.0, (d) Vims/Vp aty/d = 1.0, (e)
V/Vp aty/d = 2.0 and (f)Vims/ Vb aty/d = 2.0. The previous LES results come from ref. [66] and the expertedelata from ref. [67].
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Figure 6: (a) examples of the axial velocity signals at twangofor the unforced cold flow case from the present LES without SEM and (b)
their Fourier Transform amplitudes. The two points are ledatt P1(10mm, -20mm, Omm) and P2(15mm, 5mm, Omm).

By using a SEM, turbulent fluctuations are introduced at tietiand it is possible that the frequency spectrum
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of the flow may be contaminated. In the simulations, the ax@ddcity signals at two points, P1(10mm, -20mm,
Omm) located Bim downstream of the computational inlet and P2(15mm, 5mm, Plocated $nm downstream of
the combustor inlet, are recorded. The signals and their&motransform amplitudes are shown in Fig. 6. The SEM
introduces some noise at P1, but the frequency range oésttar the present simulations, (40Hz, 400Hz), is largely
undtected. At P2, the SEM changes the evolution of the velodityaiconsiderably, but again the Fourier amplitudes
are not significantly fiected in the frequency range of interest, thus allowing telusion that noise introduced by
the inlet SEM is not significant in the frequency range ofieg.

It is also possible to compare one forced cold-flow case wati Iprevious LES and experimental results. The
forcing amplitude and frequency afe= 0.60 andf = 160Hz respectively (see Eq. (11)). The frequency is close
to the resonance of the plenum in the experiments [5, 45] pléduwith the high forcing amplitude, this means that
a flow field corresponding to a reactive case in which the flamspanse is well into the non-linear regime is being
considered [6].
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Figure 7: Comparisons of phase-averaged mean axial vebbigiehe present LES, previous LES and experimental studi§<d¢4 the forced
case. The first two points are given in (a), middle two pointbjrand last two points in (c). Cold flow case with acousticiiog.
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Figure 8: Comparisons of phase-averaged RMS axial velediyethe present LES, previous LES and experimental studigs¢4 the forced
case. The first two points are given in (a), middle two pointhjrand last two points in (c). Cold flow case with acousticiiog.

Six points @A to F) are marked in dierent regions of the flow in Fig. 4, and are used to study the dpmam-
ics during excitation. The phase-averaged mean and RM$&tacities are compared to previous LES [45] and
experiments [45] in Figs. 7 and 8 respectively. For the medacities, the present LES predictions agree well with
experimental data for all six points and over all phases tebé¢han the previous LES results overall. The mean
velocity responds as a harmonic oscillation, with a stroalgation in the annular jet at point B. The present LES
results dffer from the experiments more at the downstream three pd@nts, F. This may result from the possibility
of reversed flow at the exit (see the recirculation regiomatop region in Fig. 4 for reference) — reversed flow is not
well resolved by the present nor previous LES studies. Th&R®ocities at pointé andC are well predicted by the
present LES, but over-estimated at pditsuggesting that an improved turbulence model at inlet neagidsirable.
For the downstream three poinf3, E, F, the present LES predictions generally agree well with ttevipus LES
results, with both dtering quite significantly from the experimental data. Theersed flow may also beffecting
the RMS predictions. The phase of the RMS fluctuations cjof#lows that of the mean velocity. These results
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confirm that predictions from the present LES compare vetty twehe previous LES for this forced cold flow case.
The comparison with experimental data is good for mean utglaad acceptable for the RMS fluctuations.

Overall, the results from the cold flow fields demonstrate thea present LES solver and mesh capture the flow
field as accurately as the previous LES study, confirmingithatreasonable to consider reactive simulations using
the present method.

5. Results: reactive flow

The unforced reactive case is firstly studied followed bycéar cases at frequencies bf= 40, 160, 240 and
310Hz. Flame snapshots and the non-linear flame response at tvamelforcing frequency are all compared to
experimental results [5, 6] and, where available, prevldR&NS calculations [7, 30].

2e+03-

\\I\\I‘F

1000

mT T

Figure 9: Snapshots of the unforced reactive flow field froendtesent LES, the axial velocity (m/s) (left), the progress variabte(fiddle) and
the chemical source terox. (right).

5.1. Unforced reactive case

For the unforced simulations, the heat release rate strgpegtunit volume is described using the the chemical
source termo.. Figure 10 shows contour plots comparing the time-aver&@id image from experiments [6], the
present LES and previous URANS simulations [7]. The snaissbfahe axial velocity, the progress variablarid the
chemical source term, from the present LES are given in Fig. 9 for reference. Theysthat the flame is anchored
at the shear layers from the inner filbody and the outward backward-facing step. The present lrEdiqis that
the flame extends about® downstream of the bttibody while a much longer flame is given by previous RANS
simulation. Compared with the experiments, the present §iZ&s a better prediction of the flame, although the
length is slightly under-predicted. From Fig. 10, the agrest with experiments is less good at the top of the flame
region, and suggests that the combustion is occurringtkligho quickly. The fractal dimension used in modelling
the wrinkling factorz (Eq. (8)) was taken to have value337 from a previous study [58] - this may be slightly too
large for the present computational configuration [68, 38, ®ue to the simulation neglecting heat loskeets, it
predicts a higher temperature in the outer recirculatigioreover the backward-facing step than in the experiments,
thus the hotter gases push the flame away from the verticalmihle simulation.

The complex unsteady vortex and flame interactions are ewidé&igs. 10 and 9 from the LES results. Compared
the velocity contours of the unforced cold flow case (Fig.r# anforced reactive flow case (Fig. 9), it is seen that the
hot burned gasses right above thefbhody expand the fluid flow and push the shear layers towardsutee vertical
walls. The shear layers are thus not connected in the reazdise as in the cold flow case. Furthermore, the central
and outer recirculation regions are changed significantlihb heat release.

The adiabatic condition is used in the simulations, and thagemperature is linearly linked with the progress
variablec; i.e. T = (1 — €Ty, + €Tag, WhereTy, is the unburned (fresh) gas temperature aggthe adiabatic
temperature (around 17K3n the present case) of the burned gas. The platiofFig. 9 is thus proportional to that
of the temperature. It shows that the temperature has thenmaxvalue ofT 4 within the outer recirculation regions
which makes a strong chemical reaction around the outer &g (see the middle figure in Fig. 10). However, in
the experiments there is heat loss over the wall regionscegpyethose of the backward-facing step. The gas in the

10



008 1t
007
006
005 H
0.04 HERS
003 113

0.02

disiance downstream from swirler face, m

0ol

0 )
=003 -0.02 -0.01 0 001 0.02 0.03
radial distance. m

!

Figure 10: Time-averaged results of the unforced reactivefield. FSD image from experiment [6] (exp), the chemical sotecm . from the
present simulation (LES) and the velocity vectors and héease rate from previous URANS simulations [7].

outer recirculation region has a lower temperature in thEegrient and thus the flame anchored by the outer shear
layer has much lower chemical reaction than the one by therishear layer (see the left figure in Fig. 10). The
stronger chemical reaction around the outer shear laydreiptesent LES study may lead to higher level of mean
heat release, decreasing tlteetive magnitude of the FDF response in the forced cases [7].

- 0.71
Lo —{=40Hz,A=0.15 —]tc':;lggzﬁ:g.ig
— AOHz A— L --f= z,A=0.
| - T 06 ! f=160H7,A=0.15
f=160Hz,A=0.45 05 'tl f=160Hz,A=0.45
{ AN " < '
o 05/ L AN So04f b
< ] \‘ AY 1/ \ H kl‘ HLY A = |:
S , 1’-\;‘» /”“\ 7\“ 'A‘* (r"\ ’;l"\ So03 p
/ i ) Z 1 v < )
"“\,' ‘\/! |‘\~' n:‘"l A ’r _Nf 0.2 |
o5k M PR N A G S AW \
. \/ % \/ AV} A\ \7 0.1 I'
I
1 0 ’AJM\ %’,‘b\,l\'l\l " S o
B 30 31 32 33 34 35 36 0 50 100 150 200 250 300
txf () f(Hz) (b)

Figure 11: (a) examples of heat release rate signalgfatrelnt acoustic forcing conditions from present LES. The tisngon-dimensioned with
the respective forcing frequency in (a), and (b) their amghts from Fourier Transform.

5.2. Forced reactive cases

The forced reactive cases are simulated by imposing vglflaittuations on the mean velocity at the inlet, fol-
lowing the form shown in Eqg. (11). This section will focus dretforced cases at the four frequencies ef 40, 160,
240 and 310Hz, for which more detailed comparison to expamnisiis possible. Note that the full FDF calculated in
Section 6 will include many more frequencies than the foursaered here. A broad range of forcing amplitudes,
ranging from 005 up to 064 is considered. At two of the frequencidsz 40Hz and 160Hz, comparison to the two
URANS studies by Armitage et al. [7] (URANS-1R hereafterfld&uan et al. [30] (URANS-2R hereafter) is also
possible and is included.

The heat release rate fluctuation is an important quantitheénpresent simulations. In the framework of FSD
combustion model used here, it is calculated from the imtimn of the chemical source tern (Eq. (5)):

Q=Hs fthdV = Hy fﬁuS,OEZdV (12)
11
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Figure 12: (a) Dependence of the amplitude of the heat refaéseesponse with velocity fluctuation amplitutie(b) the dependence of the phase
of the heat release rate respogsEq. (2)), at forcing frequency = 40Hz. Experimental data are from [5], URANS-1A refers to resultsif [7]

and URANS-2R from [30].

in which H; is the heat of formation. It should be noted that in the experits, the integration area upon which the
total heat release rate is based is that included in the \digmn window (of height 581m) as opposed to the full
combustor (height 8@m) [6]. Ruan et al. [30] studied thefect of the integration area on the fluctuating heat release
rate in simulations using the URANS results, and found $icanit diferences according to whether part (as in the
experiments) or total combustor area was used. Howevethégpresent LES, this fierence is small (generally less
than 4%). This is because the predicted flame length is muattesithan for the URANS calculations and thus is
mainly located within the observation area, as in the expenis. In the following sections, the heat release ratengive
by the present LES is the one from the total computation aréé is because the flame can be viewed as compact
when incorporated in a low order acoustic solver and thé hetat release is more relevant for further thermoacoustic

studies.

120°

f=40Hz A=0.62 (@) f=40Hz A=0.62 (b)

Figure 13: Comparisons of the mean chemical reaction rate fresept LES (left) and phase-averaged FSD image from exper[@ignight) at
phases of 60and 120 with strong acoustic forcingf = 40HzandA = 0.62.

The velocity at the combustor inlet contains a harmonic flatthg component. Consequently, the forced com-
bustion produces fluctuating heat release rate which is Isahtluring the simulation. The simulation results given
in the following sections are based on at least 14 forcindesyafter the transients have died away: phase averaging
is thus performed for at least 14 forcing cycles. The timéeseare transformed to the frequency domain using a
Fourier Transform technique. The gain and phase of the FBBlatained according to Eqg. (2). Figure 11(a) shows
signals of the instantaneous heat release rate unfieretit forcing conditions by the present LES. The heat releas
rate responds fierently to diferent forcing amplitudes and frequencies: it is predontigararmonic at the forc-
ing frequency (validating the assumption of weak non-liftgawith some cycle-to-cycle variation. The spectra of
the signals shown in Fig. 11(b) confirms that the dominantaese of the heat release rate remains at the forcing
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Figure 14: (a) Dependence of the amplitude of the heat retedseesponse with velocity fluctuation amplitutie(b) the dependence of the phase
of the heat release rate respogsgEqg. (2)), at forcing frequency = 160Hz. Experimental data are from [5], URANS-1A refers to resultsf
[7] and URANS-2R from [30].

For a forcing frequency of = 40Hz, simulations are performed for several velocity forcingptitndes,A. The
normalised amplitude of the heat release rate fluctuati@fasction of forcing amplitude is shown in Figure 12, with
comparisons to experiments and previous URANS studieaded. It should be noted that the amplitude response of
heat release in the previous URANS-1A study is normalizedsgnaximum absolute value, which is not reported,
and so only the phase results are included [7]. Also notethi@aheat release rate in study URANS-2R [30] uses a
truncated spatial integration window - this also appliekter results. The results show that the amplitude response
is approximately linear up té& = 0.6, with good agreement between the present LES predictioth®@perimental
results from OH* and CH* chemiluminescence. The previousAMS-2R study produces the correct trend, but the
amplitude of heat release fluctuation is much smaller. Femptiase shown in Fig. 12(b), the experiment exhibits a
nearly constant value of arourd.25r with increasing the forcing amplitude The present LES predicts this quite
well, with obvious improvements over the URANS results. HED images in the experiment show that there is no
shear layer rollup at this frequency [6]. Figure 13 showsntiean chemical reaction rate from the present LES and
the FSD images from experiments at two phase angles &6 120, with a high forcing amplitude oA = 0.62.

It can be seen that there is no obvious flame surface rollup. LHS predictions show that no bigfidirences exist
between the two phases, while the experimental results dgtnade a synchronized bulk oscillation of the flame.

The URANS-2R study underestimates heat release amplitrdpared to the experiment at a forcing frequency of
f = 40Hz, which may be due to the fact that combustion process is estanated in URANS-2R study. The present
combustion model for LES will tend to over-estimate the hetgase amplitude due to combustion being slightly
too fast. However, the LES predictions agree well with ekpent, implying that the heat loss in the experiments
increases the heat release amplitude at this forcing fre;yud he heat lossfkects on the flame transfer function have
been studied previously [70, 71, 72] in which heat loss tendscrease the heat release amplitude at low forcing
frequencies and decrease it at high forcing frequenciesthiéopresent case forcing at low frequencyfof 40Hz,
the observation from present LES study is consistent wighiipus studies [70, 71, 72].

For a forcing frequency of = 160Hz, the flame response forftiérent forcing amplitudes is shown in Figs. 14,
15 and 16. The response amplitude in Figure 14 shows thatihésthe response is non-linear, with the present
LES producing much better agreement with the experimeiats the previous URANS. The trend is captured very
well, including the linear region up to arour = 0.15, a transition region up to arourd = 0.45 followed by a
saturation region with saturation occurring at around 0.6. The previous URANS studies [7, 30] both fail to
predict this saturation point. The amplitude of the heatasé is under predicted slightly compared with the OH* and
CH* chemiluminescence results from experiment, while &kie is larger than the experimental data extracted from
PLIF images. For forcing at = 160Hz, the present LES neglects the heat loss and has a combusitbel mhich
is slightly too fast. Similar to the case forcing at a forcinggquency off = 40Hz, it appears that the heat los$ext
still dominates as the heat release amplitude is underaistdn

The phase response with forcing amplitude Figure 14(b) shbet all of the numerical methods produce reason-
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Figure 15: Comparisons of the mean chemical reaction rate fresept LES (left) and phase-averaged FSD image from exper[Bignight) at
different phase angle with strong acoustic forcifg: 160HzandA = 0.64.

120°

\
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Figure 16: Phase-averaged FSD image at I8 the previous URANS-1A [7] (left) and experiment [6] (niy with strong acoustic forcing:
f = 160HzandA = 0.50.
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able results compared with experiment.
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Figure 17: (a) Dependence of the amplitude of the heat reteteseesponse with velocity fluctuation amplituig(b) the dependence of the phase
of the heat release rate respogdgq. (2)), at forcing frequency = 240Hz. Experimental data are from [5].

Figure 15 visually shows the flame dynamics at a forcing feegy of f = 160Hz and a forcing amplitude of
A = 0.64, corresponding to the saturation region (see Fig. 14)e fdhesent LES predictions are compared with
experiments at every 8@hase angle. The snapshots show that the flame is distodathtcally during the forcing
process. The inner and outer shear layers rollup and formi@teorotating vortex pair. A mushroom-shaped contour
evolution is evident during the process. At the first two ghasgles of 0 and 60, the mushroom-shaped vortex
starts to form at the base of the flame. At the same time, thesfiEove the vortex region starts to decrease, which
suggests possible flame surface destructions in thesensegkmllowing at the two phase angles of 12td 180,
the vortex continues to rollup and is convected downstrelamgathe flame. The previous flame destruction regions
nearly disappear. The inner and outer shear layers at tleedbdise flame seem to return to their unforced status. At
the 240 and 300 phase angles, the vortex pairs move further downstream tasteollapse and then merge together.
The inner and outer shear layers at the base move closerheitmeérging of the above vortex. Note that the inlet
velocity and the heat release signals have a phase changeuofia085r (see Fig. 14(b)). The images at the phase
angles of 60to 120 show a small heat release rate while a large heat releasappéars at angles of 24@ 300'.

This goes some way to demonstrating how the vortex rolluppdisthe flame area and results in a nonlinear response
of the heat release rate. Thffext of neglecting heat loss at the walls on the flame dynamiedsb evident. The
experiments show that the outer part of the vortex, locatesecto the walls, is much weaker than the central part,
while the LES predictions have nearly the same strength;ishtonsistent with previous observations [73, 71]. Due
to heat loss, the flame in experiments has a tendency to dtaitie vertical walls during its evolution; the LES
simulations are unable to capture this. Combustion madghiso has an impact on the flame dynamics: at phase
angles of 0 and 300, the LES predicts a shorter flame than the experiment, densiwith the observations in the
unforced reactive case. The flame dynamics as predicted BWNIH7] at forcing amplitudeA = 0.50 are shown

in Fig. 16 at a phase angle of 12@he flame appears rather long and distorted above the nashsbaped vortex
compared to the experimental results.

To summarise, at a forcing frequency of 160Hz, the prese& irfethod captures the non-linear response of the
flame with good accuracy and also captures the flame dynamiectly. The LES method shows obvious advantages
over URANS for the predicting the non-linear flame response.

The dependence of the flame response on forcing amplituddoatiag frequency off = 240Hz is shown in
Fig. 17. The magnitude of the response is lower than at thequetwo frequencies, and good agreement is observed
between the LES predictions and experimental data. Hessigelrate saturation again occurs, albeit at a lower forcing
amplitude than at 168z. This may due to the fact that the forcing amplitude requiceexcite the shear layer rollup
has strong frequency dependence, and the required angptiaateases with increasing frequency [5, 74].

The evolution of the flame dynamicsfat 240Hzat a forcing amplitude of = 0.25, at which point saturation has
been reached, are shown in Fig. 18. The qualitative agretemitnexperiments is reasonable. A similar mechanism
to that at 160Hz is evident, although the vortex rollup is mueaker and expands the flow between the two shear
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Figure 18: Comparisons of the mean chemical reaction rate fresept LES (left) and phase-averaged FSD image from exper[Bignight) at
different phase angle with acoustic forcirfg= 240HzandA = 0.25.

layers at 2461z. The wrinkled flame front can be observed by the pulse of vgl@erturbation. The results also
confirm that heat loss makes the flame tend to attach to then@blthe present LES does not capture this behaviour
well due to the lack of heat loss modelling. Similar to theeslations at a forcing frequency 6f= 40Hz, neglecting

the heat loss and using a combustion model which is sligbtifast appear to balance in terms of the heat release

rate prediction, as the results agree very well with the expnts.
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Figure 19: (a) Dependence of the amplitude of the heat reteéseesponse with velocity fluctuation amplitubtg(b) the dependence of the phase
of the heat release rate respogsEq. (2)), at forcing frequency = 310Hz. Experimental data are from [5].

At a forcing frequency of 318z, the dependence of the heat release rate on forcing anglgwhown in Fig. 19.
The magnitude of the response is again small compared tatthater frequencies, and saturation, if indeed present,
is much weaker. The agreement between the LES predicticthdh&nexperimental data is generally reasonable,
although the LES implies a more pronounced saturation wihédexperiments appear to remain approximately linear.
The phase also shows an approximately linear dependeregretid of which is captured by the LES. Figure 20
compares the flame shape atghase angle with a high forcing amplitudedf= 0.62 with the experiments [6]. A
new vortex (“vor-2” in Fig. 20) is seen to appear before treb\airtex (“vor-1” in Fig. 20) moves downstream out of
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Figure 20: Chemical reaction rate image afi@m the present LES (left) and FSD image from experiment [§h¢) with strong acoustic forcing:
f = 310HzandA = 0.62. The two vortices are marked with “vor-1" and “vor-2”, resgively.

the combustion zone, which means that there are two setstefikvo-existing during one forcing period. The present
LES captures this co-existence observed in the experinightsut the downstream vortex evolution is significantly
affected by the cool walls and slower combustion - these aretbadistinguish from one another especially for the

downstream vortex.

6. Results of the full FDF

The previous section showed that the LES method was ableptareathe response of the unsteady heat release
rate to acoustic forcing better than any numerical methathte, both in terms of the the main qualitative features of
the flame dynamics, and the quantitative response. By meifigrmany more simulations over frequencies ranging
from 40Hz to 380Hz, the full FDF can be simulated for this costbr.
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Figure 21: (a) Dependence of the amplitude of the heat retesseesponse with velocity fluctuation amplitutie(b) the dependence of the phase
of the heat release rate respops&q. (2)), at forcing frequency = 100Hzand f = 140Hz, from the present LES.

Further simulations at 16@z, 140Hz and 38@Hz with forcing amplitudes ranging from.@5 to Q55 were per-
formed. For forcing frequencies df = 100Hz and f = 140Hz, the dependence of the flame response on forcing
amplitude is shown in Fig. 21. The amplitude of the heat sdeate response &t= 100Hzis linear for small forcing
amplitudes A < 0.25), gradually becoming nonlinear. At= 140Hz, the linear region ends sooner and the heat
release rate is smaller at high forcing amplitud&s-(0.35), compared with forcing &t = 100Hz The results clearly
show the evolution of the heat release rate response framg lfigly linear atf = 40Hz (see Fig. 12) to the combined
linear response and saturationfat 160Hz (see Fig. 14). The phase results exhibit a jump from forctnig-a 100Hz
to f = 140Hz The phase change is approximately forcing amplitude iaddent atf = 100Hz, while it gradually
decreases with forcing amplitudeat f = 140Hz
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Figure 22: Comparison of the FDF results from present numariethod by LES (Num.) and experiment (Exp.): the gain (a) angtzse (b).

The full FDF defined in Eq. (2) is obtained, the gain and phdsehich are shown in Fig. 22, including available
experimental data. The simulation data is based on at leh&brting cycles after the simulation becomes fully
developed. All the simulations use the same time step, éxbepowest forcing frequency of = 40Hz, where
the time step is doubled. The total CPU time required to ab&dlithe simulation results is around 20400 hours.
The LES predictions capture the correct trend of the gainghvhises and then fallsfbin frequency, except at the
highest forcing amplitude where it only fallsfavith frequency, and decreases with forcing amplitude. Bsponse
magnitude is slightly under-estimated, most probably dubé heat lossféect and the combustion modelling issue
discussed previously. This under-estimation is more alw/iat small perturbations levels, indicating that a more
realistic turbulence fluctuation model may be needed to @gvgiaccuracy in this regime. The nonlinearity of the
gain is clearly evident - a linear response would not varphwgrcing amplitude. The phase response implies a time
delay which is estimated to have a value arounw Based on the phase slope Fig. 22(b): the LES results are th goo
agreement with the experimental data.

7. Discussion of the long chamber case

The simulations thus far address the flow configuration inctvitihe length of the combustion chamber Wwas
80mm (see Fig. 1(b)). This configuration was chosen as ddtidime measurements for both the unforced and forced
flow were available [6]. However, the ultimate aim of perfamgnflame simulations is to facilitate predictions of the
limit cycle amplitudes that occur in configurations that ibithself-excitation. For thé = 80mm, chamber length
(now termed the “short” chamber), the fundamental frequémaround 1000Hz, and self-excited oscillations do not
occur. Increasing the length of the combustion chambér+0350mm (termed the “long” chamber), resulted in
combustion instability in the experiments (although ordytilly premixed flame experiments were performed due to
the risk of flash back) [6]. The flame behaviour during limitieyfor this longer combustor length£ 350mm) was
observed to be very similar to that of the externally forcades for the shorter combustor lengdthk(80mm) at the
same equivalence ratio and oscillation frequency. It isetfoee interesting, in our fully premixed simulations, &es
whether increasing the combustor length (and hence théherigur computational domain) significantly alters the
FDF. If not, the FDF for the short combustor, which is comgiotaally faster to calculate due to the smaller domain,
can be used in place of the large domain FDF in low order thaomastic models, in order to obtain future limit cycle
predictions.

Figure 23 shows the comparisons of the amplitude responeedfeat release between the short chamber case
(I = 80mm) and the long chamber case£ 350mm) at the three frequencies of ¥@, 160Hz and 31z It can
be seen that the heat release response for the long chanihe@eés! very close to that for with short chamber at all
the frequencies. The previous simulations (see Figs. 1@n#315, etc.) showed that combustion occurs mainly in
the first 34 of the short chamberl(= 80mm), implying that the downstream flow field may not have larfecs
on the flame behaviour. These results suggest that the lamghsr flame dynamics are very similar to those of the
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Figure 23: Comparison of the amplitude response of the heaagelwith forcing amplitud@d between the short chamber case and the long
chamber case, at three forcing frequencie$ ef40Hz (a), 16(Hz (b) and 31®1z (c).

short chamber case. Thus the FDF for the short chamber caesdl pnobably be incorporated into thermoacoustic
predictions for the long chamber with little penalty in acy.

8. Conclusions

Large Eddy Simulations, performed using an open sourcesoblledCode_Saturne, were used to characterise
the non-linear response of a turbulent premixed flame tostwoforcing. A bluf-body stabilised, lean premixed
flame, for which significant previous experimental data amtes previous URANS data were available, was consid-
ered. This is the first work, to the authors’ knowledge, wistidies this particular flame using LES. The flame has
the advantage of being acoustically short in length, andgbenclosed in a combustor with simple acoustic boundary
conditions, facilitating incorporation of the flame modata future low order combustor models for thermoacoustic
predictions.

The LES method was validated using unforfected cold flow and unforced reacting data: both the flow and
flame structures were captured well. Simulations were tleefopned which measured the response of the unsteady
heat release rate to external inlet velocity forcing in otdeextract the full Flame Describing Function (FDF). Four
particular frequencies 40Hz, 160Hz, 240Hz and 310Hz, westsfiudied in detail with normalised forcing amplitudes
varying from Q05 up to 064. At the lowest forcing frequency, the flame respondedaliye while at intermediate
frequencies non-linear behaviour is clearly observed.igh frequencies, the flame response fafisamd the degree
of non-linearity is unclear, but also less important. TheSLiesults captured both the qualitative flame dynamics and
the quantitative response of the heat release with reaaeaturacy - much better than has been obtained previously
for this test case using numerical simulations. The maimtsbmings of the simulations were felt to be the adiabatic
wall boundary conditions and a combustion model that wagh#i too fast: comparison with experimental flame
dynamics suggested that wall heat loss and speed of combusgére likely to play important roles. Finally, it was
found that increasing the combustor length had littieet on the flame response, suggesting that a flame model
deduced from short-combustor (much faster) simulationddcbe used for long combustor combustion instability
analysis.

This work confirms that open-source LES softwaede_Saturne, can be used to study the lean premixed com-
bustion problems numerically, and good accuracy can berduta
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