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Abstract

Lean Premixed Prevaporized (LPP) combustion is a widely usedconcept for re-

ducing pollutant emissionsin gasturbines. In LPP systems,a mixing tub e is added

between the injector and the combustion chamber to promote mixing and com-

bustion e�ciency . Thesedevicesare e�cien t to reducepollutant emissionsbut can

be sensitive to complex transient phenomenasuch as blow-o� or 
ashback which

are still beyond the prediction capabilities of most numerical tools. The present

study describes a joint experimental and numerical study to evaluate the capac-

ities of Large Eddy Simulation (LES) for the prediction of 
ame dynamics in a

swirl-stabilized LPP burner operated with propane. Combustion regimesare �rst

identi�ed experimentally: compact 
ames (the normal regime for LPP) but also


ashback regimes(where the 
ame is stabilized in the mixing tub e) as well as lean
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blow-o� situations are encountered. LES is then usedto investigate each regime as

well asthe transition and the hysteresisphenomenabetweenregimes.Flashback and

blow-o� limits are correctly reproducedand LES shows the crucial role of swirl and

axial recirculation zonesduring 
ashback. More generally, this study demonstrates

the potential of existing LES to study transient phenomenain 
ames.

Key words: Large-Eddy Simulation, Combustion, Flashback, Lean Premixed

Prevaporized, Swirl

1 INTR ODUCTION

The reduction of the pollutant emissionsbecomesoneof the major stakes in

the designof gasturbines combustors. In LPP systems(Lean Premixed Pre-

vaporized)a mixing tube is insertedbetweenthe fuel injector and the combus-

tion chamber. This tube allows a drastic reduction of the emissionsbecause,

as the mixing of the reactants is improved, the burnt gasestemperature may

be decreasedand NOx emissionsreduced(Fig. 1). On the other hand, LPP

systemscan be sensitive to combustion instabilities. They are also prone to


ashback [1] as the 
ame may stabilize in the premixing zone,upstream of

the combustion chamber. This regimeof combustion can lead to severe dam-

ageof the injection deviceby increasingthe wall temperature. Blow-o� and

reignition are alsocritical processesfor gasturbine operation.

In this context, LargeEddy Simulation (LES) for combustion becomesa basic

tool to understand,predict and prevent such phenomena[2-4].This technique

explicitly computesunsteadylargeturbulent structuresof the 
o w and should

be able to reproducethe dynamicsof highly three-dimensionalLPP burners.

This paper demonstratesthe capacity of LES to predict transient combus-

tion phenomenain a swirl-stabilized LPP system. The experimental con�g-

uration is a simpli�ed 300 kW cylindrical LPP swirled burner operated at
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Laboratoire EM2C. This burner, speci�cally designedto allow and visualize


ashback, runs at atmosphericpressure.Propaneis usedto avoid vaporization

e�ects and modeling in this preliminary study. Both experiments and numer-

ical simulations are carried out in order to study the transitions betweenthe

various combustion regimes.Multiple papers have been devoted to detailed

comparisonsof velocity, speciesand temperature �elds for onesteady regime

in various con�gurations [3, 5-8]. This will not be repeated here: instead of

investigating one regime in detail, multiple regimesand the transitions be-

tweentheseregimeswill be studied and lesse�ort will be devoted to detailed

analysisof onesinglecase.

2 FLASHBA CK

Flashback is an intrinsic behaviour of premixed systemsas the 
ame may

stabilize where fuel and oxidizer mix, upstream of the combustion chamber.

Several explanationsof 
ashback can be found in the litterature but noneof

them is universal and the occurrenceof 
ashback dependsmainly on the ex-

perimental device [9]. Flashback occurswhen autoignition takesplacein the

mixing zone [1] or when the 
o w velocity is of the sameorder than the com-

bustion velocity (fresh gasesconsumptionvelocity) sothat the 
ame is able to

propagateupstream.The low 
o w velocity relatively to the 
ame speedmay

be induced by the proximit y of a solid wall, low turbulence levels, instabilit y,

or vortex breakdown. Flashback mechanismsare now brie
y discussed.

� Flashback by autoignition

Autoignition doesnot involve 
ame propagationand occurswhenthe gas

residencetime exceedsthe fuel ignition delay time, leading to the ignition

of the mixture in the mixing zone.Autoignition delays depend mainly on

local temperature, pressureand equivalenceratio [10].

� Flashback in boundary layers
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In boundary layers,the velocity is su�cien tly low to allow upstreamprop-

agationof the 
ame. However, this propagationis limited by wall quenching.

Lewis and von Elbe [11] have proposeda criterion for the laminar 
ame,

which relies on a comparisonbetween the wall velocity gradient and the

ratio of the laminar 
ame speedsL over quenching distancedq:

g =
@u
@r

�
�
�
�
�
wal l

�
sL

dq
(1)

This criterion states that 
ashback occurswhen the 
o w velocity at a dis-

tance dq from the wall is lower than the 
ame speed(at distancessmaller

than dq, the 
ame cannot survive). This classicalpoint of view is not sat-

isfying for many of the obervations of 
ashback in industrial and turbulent

con�gurations [1, 9]. Flashback in boundary layersseemsto bepredominant

in non-swirling low turbulent 
o ws [12] or low speedcatalytic combustion

[1].

� Turbulent 
ame propagation in the core 
o w

This propagation is possiblewhen the turbulent 
ame velocity sT be-

comeshigher than the local 
o w velocity. Such a situation may occur in

swirling 
ames, whereturbulence is intenseand the 
ame surfaceavailable

is signi�cantly larger than the 
ame surfaceof a laminar 
ame leading to a

possible
ashback on the burner axis [9].

� Combustion instabilities leading to 
ashback

Combustion instabilities aredue to a couplingbetweenheat release,pres-

sure
uctuations and 
o w hydrodynamics.The velocity 
uctuations induced

by an instabilit y canbeaslargeasthe mean
o w velocity and leadto a tran-

sient 
ashback during the oscillation cycle.A classicalexampleof such 
ash-

back is the turbulent premixed 
ame behind a step [13-16]wherecoherent

structures control 
ashback. Sinceswirled burners are sensitive to combus-

tion instabilities, thesescenariosmay trigger 
ashback in thesecombustors.

However, such 
ashbacks require a high level of 
uctuations to appear [12]

which is beyond the acceptablenoiselevels in most combustion systems.
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� Flashback induced by vortex breakdown

Various mechanismscontrol the behavior of swirling 
o ws. One of them

is vortex breakdown [17]. It can be de�ned as an abrupt changein the jet

topologyand can take several forms. Phenomenologically, the breakdown of

a vortex occurswhen its azimutal velocity is larger than its axial velocity.

This complex and highly 3D phenomenondependson the 
o w circulation

(or the swirl number) and the Reynoldsnumber [18]. In combustion cham-

bers, vortex breakdown is accompaniedby a large recirculation zonewith

high reverse
o w velocities, of the order of the outgoing exit velocity [19].

In a swirled stabilized 
ame, thesereversevelocities can promote upstream


ame propagationand 
ashback [1]. This type of 
ashback hasbeenexper-

imentally observed and identi�ed in a swirled burner [12]and a radial-type

swirled stabilized 
ame in [9].

This short review of 
ashback suggeststhat it can be trigged by multiple

causes.The type of 
ashback occurring in LPP systemsis not clearly de-

�ned. Understanding 
ame propagation and stabilization in the mixing zone

of LPP devicesis essential to avoid 
ashback. The practical solutions chosen

to stabilize the 
ame in the chamber will be di�erent to avoid a boundary

layer 
ashback or a 
ashback due to vortex breakdown. Visualizations with

a high-speed camera on the experimental device studied here show an up-

stream propagationof the 
ame during 
ashback. Theseimages,presented in

the next sections,suggestthat 
ashback is not due here to boundary layer

propagation. Recent experiments [12], two-dimensionalRANS [20], or two-

dimensional LES [21] show that 
ashback in swirled 
o ws occurs because

of vortex breakdown but the interaction between the 
o w (the recirculation

zones)and the 
ame is still unclear.

In this work, largeeddy simulations and experiments are combined to provide

new insights on 
ashback in a well-controlled case.The con�guration and

the experimental setup are presented in section 3. Section 4 describes the
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numerical solver usedto simulate the unsteady turbulent reacting 
o w. The

various combustion regimesfound experimentally are presented in section 5

and comparedto the numerical results in section6.

3 CONFIGURA TION AND EXPERIMENT AL SETUP

A laboratory-scalegasturbine combustion chamber hasbeendesignedand op-

eratedat atmosphericpressureby Laboratoire EM2C (Fig. 2). The air 
o w is

introducedin the mixing tube through a swirl generatorand shearsa central

jet of propane (Fig. 3). Fuel and air mix in the so-calledmixing tube be-

fore entering the combustion chamber itself. The underlying principle of LPP

techniquesis to add such a mixing zonein order to produce a well-premixed

prevaporized mixture and control the 
ame temperature. The swirling 
o w

generatedin the mixing tube both enhancesthe mixing of reactants and al-

lows the 
ame stabilization in the combustion chamber. The suddenchangeof

sectionbetweenthe mixing tube and the combustion chamber reinforcesthe

central recirculation zonecharacterizingswirling 
o ws [19].This recirculation

zonemaintains hot burned gasesin contact with fresh gasesand stabilizesa

very compact 
ame.

Puri�ed air is provided under 6 bars by a compressor.Commercial propane

is delivered at 6 bars by a pressurizedtank. Before entering the mass 
o w

meterseach 
o w is puri�ed through �lters. The maximum capacitiesof each

mass
o w meter are 300 m3=h for air and 15 m3=h for propane,which leads

to a maximum heat releaseof about 300kW.

The radial-type swirl generator (Fig. 4) is composed of eighteen constant-

sectionvaneswhoseangle with the local radial direction is 35o. Mixing tube

and combustion chamber are madeof high quality quartz (fusedsilica) allow-

ing visible and UV optical access.

The mixing tube is 100 mm long, with an inner diameter of 25 mm. The
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Reynoldsnumber in the mixing tube (basedon the mixing tube diameter and

the bulk velocity) variesbetween40,000up to 280,000.The combustion cham-

ber is 300mm long and hasa diameterof 150mm. The exit of the combustion

chamber is connectedto a large dimension room bounded by non-re
ecting

material walls. We assumethat the interaction between the burner and its

surrounding is weak, so that the pressureat the outlet plane is constant and

equal to 1atm. The mixture is ignited in the combustion chamber by a spark

plug, located at the rear face of the combustion chamber, 50 mm from the

combustion chamber axis.

Combustion regimescan be identi�ed by a direct observation of the 
ame.

Spontaneous emissionof the OH � radical have also been recorded using a

ICCD camera(PI-MAX 512x512Princeton Instrument) with adequate�lters

(WG305 and U340). Flame front dynamicshave beenrecordedusing a high-

speed camera (Photron Fastcam APX) operating up to 10,000 frames per

secondsin 256x512pixels.

4 LES FOR TURBULENT REA CTING FLO WS

The LES calculationsare carried out with the LES parallel solver AVBP de-

veloped by CERFACS [22].The full compressibleNavier Stokesequationsare

solved on structured, unstructured or hybrid grids allowing the simulation of

reactive turbulent 
o ws on complexgeometriesby usingre�ned grid cellsonly

in the mixing and reactive regionsof the 
o w.

The numerical schemeprovidesthird-order spatial accuracyon hybrid meshes

[23]. This point is important becausehigh-order numerical schemes(required

to perform preciseLES calculations)are particularly di�cult to implement on

hybrid meshes.Time integration is done by a third-order explicit multistage

Runge-Kutta scheme.The Navier-Stokes characteristic boundary conditions

(NSCBC) are usedfor inlets and outlets [2, 24] to ensurea physical represen-
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tation of the acousticwave propagation.

The objective of LES is to compute the large scalemotions of the turbulence

while the e�ects of small scalesare modeled.The WALE model [25] is chosen

to estimate subgrid scalestresseswhereasthe 
ame-turbulence interaction is

described by the dynamic thickened-
ame model (DTF) [26-29].

The grid used for this simulation is very �ne in the mixing tube so that a

small thickening factor F = 5 can be usedin the DTF model: the thickness

of the resolved 
ame front is about �v e times the unstretched laminar 
ame

thickness.This low value is required to allow 
ashback since a thick 
ame

would not be able to penetrate in the mixing tube. When the 
ame 
ashes

back, it transitions from a partially premixed mode to a di�usion mode. The

DTF model can capture this e�ect at least qualitativ ely. Tests [21, 29] show

that the DTF 
ame conservesthe overall consumptionrate of di�usion 
ames

(within 10 to 20 percent) when it is thickenedbecauseonly the reaction zones

are thickened:the di�usion layers are not modi�ed and hencethe global con-

sumption rate is conserved. The useof a small thickening factor increasesthe

accuracyof the thickened
ame model and reducesthe importanceof the sub-

grid scalemodel.

For the present study, an non-structured grid of tetrahedral elements is used

with a total of about 700,000cells(Fig. 5). The walls are assumedto be adia-

batic and the gaseousfuel issuingfrom the injector is pure propane.A single

step chemical schemeis usedto describe air/propane chemistry:

C3H8 + 5O2 ! 3CO2 + 4H2O (2)

The rate of this reaction is given by:

q = A

 
�Y C3H 8

WC3H 8

! nC 3H 8
 

�Y 02

WO2

! nO 2

e� E a
RT (3)

where A = 3:2916E + 10 cgs, Ea = 31126 cal/mol, nC3H 8 = 0:856 and

nO2 = 0:503.
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The total physical time simulated for each transition is about 0:05s corre-

sponding to 3000 hours CPU time on a SGI O3800 R14000500Mhz. The

computations are typically performedon 32 processors.

5 EXPERIMENT AL IDENTIFICA TION OF COMBUSTION REGIMES

Similarly to gasturbine burners,the present combustion chamber exhibits var-

ious stabilization modes.The normal operating point corresponds to a com-

pact 
ame stabilized in the combustion chamber by the swirling 
o w (Fig. 1

and 6). When 
ashback occurs, the 
ame enters the mixing tube (Fig. 7)

where it stabilizesnear the fuel injector. Starting from a compact 
ame and

decreasingequivalenceratio leadsto a lifted 
ame, stabilized downstream in

the combustion chamber (Fig. 8). Decreasingthe equivalenceratio even more

leadsto lean blow-o�.

The experimental setup is designedto resist 
ashback without damagefor a

long time. In this situation, the 
ame is stabilized a few centimeters down-

stream of the propaneinjector. Sinceboth compactand 
ashback 
ames can

be (safely) investigated,this facility givesthe opportunit y to understandboth

regimesand the transitions betweenthem. A map of the 
ame regimesis plot-

ted in Fig. 9 as a function of the air 
o w rate and the equivalenceratio.

For low and intermediate equivalenceratios (and intermediate air 
o w rates),

the 
ame is stabilized in the combustion chamber due to the central toro•�dal

recirculation zone. For higher values of the equivalenceratio, the structure

of the 
ame can be either 
ashback or compact, depending on initial condi-

tions and operating procedure.This is a hysteresisregion.The transition from


ashback to compact 
ames takes place at approximately the sameequiva-

lence ratio � g = 0:68, independently of the air 
o w rate. This transition is

not smooth and is associated with high 
uctuations of the 
ame shape and

position.
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Figure 9 shows that the dynamics of the burner are mainly controlled by

the overall equivalenceratio since,for intermediate air 
o w rates, transitions

betweendi�erent regimesoccur at constant equivalenceratios : � g = 0:68 for

the 
ashback to compact 
ame transition, � g = 0:54 for the compactto lifted


ame transition and � g = 0:51 for blow-o�. For higher valuesof air mass
o w

rates (above 210 m3=h) the bulk velocity in the premixing tube is very high

(above 180m=s) and the 
ame is lifted.

6 NUMERICAL RESUL TS

The aim of this study is to investigatethe abilit y of LES to predict the various


ame regimesobserved experimentally. Figure 9 shows the regimescomputed

using LES:

� RegimeI: Qair = 60 m3=h ; Qf uel = 2:25 m3=h ; � g = 0:9

Theseinlet mass
uxes are within the rangeof the hysteresisphenomenon:

for regimeI the 
ame can be either compact or 
ashback depending on its

history.

� RegimeII: Qair = 120m3=h ; Qf uel = 3 m3=h ; � g = 0:6

The equivalenceratio is weaker than for regimeI. This regimecorresponds

to a normal operating mode of the LPP, leading to a compact 
ame.

� RegimeII I: Qair = 21 m3=h ; Qf uel = 0:75 m3=h ; � g = 0:89

Flashback is expected for this regime corresponding to a high equivalence

ratio and weak inlet 
o w velocities.

� RegimeIV: Qair = 120m3=h ; Qf uel = 2:25 m3=h ; � g = 0:45

This regimecorresponds to a lean blow-o�.

In the following sectionsthe transitions betweentheseregimesareinvestigated

accordingto the paths plotted in Fig. 9. The ignition is donefor regimeI and

a compact
ame is obtained. Travelling to regimeII by increasingfuel and air
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inlet 
o ws but decreasingthe equivalenceratio preserves the compact 
ame

(section6.1). A suddendecreaseof inlet 
o ws (increasingthe equivalenceratio

leadingto regimeII I) induces
ashback. This transition is discussedin section

6.2. Coming back to regimeI evidencesthe hysteresisphenomenon:the 
ame

remains in the mixing tube (section 6.3) instead of transitioning back to a

compact 
ame. Finally, a lean blow-o� sequenceis investigatedby simulating

the transition betweenregimesI I and IV (section 6.4).

In �gures 10,13and 18,vertical cutting planesof axial velocity and a volumet-

ric iso-surfaceof the temperature (1600K ) are presented in order to visualize

the recirculating 
o w in the combustion chamber and/or in the mixing tube

as well as the 
ame location and shape. Back
o w zonesare visualized by a

black iso-lineof zeroaxial velocity. The mixture fraction z is usedto visualize

the stoichiometric mixing line zst in the central plane with a red line:

z =
sYF � YO + Y 0

O

sY0
F + Y 0

O
(4)

zst =
Y 0

O

sY0
F + Y 0

O
= 0:059 (5)

whereY 0
F and Y 0

O are fuel and oxidizer massfractions in pure fuel and oxidizer

streamsrespectively, and s is the massstoichiometric ratio.

The 
ame structure (premixedvsdi�usion 
ame) is a key issuein LPP devices.

A simplelocal 
ame index (FI) [30,31]canbeusedto identify the combustion

regime:

F I = ~grad( ~YO2 ): ~grad( ~YC3H 8 ) (6)

where ~YO2 and ~YC3H 8 arethe �ltered massfractions of the oxidizer and propane

respectively. In the present study a modi�ed 
ame index (MFI) is introduced

to limit the visualization to reaction zones:

M F I =
_! F

_! Fmax

F I (7)
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where _! F is the instantaneous �ltered reaction rate and _! Fmax is its maxi-

mum value in the domain. In Fig. 11, 16 and 19 the white iso-surfacecor-

responds to a positive modi�ed 
ame index (M F I = 0:01), i.e. a premixed


ame and the black iso-surfacecorresponds to a negative modi�ed 
ame in-

dex (M F I = � 0:01), i.e. a non-premixed
ame. The volume integral of the

positive or negative valuesof this index is usedto quantify the relative weight

of premixed and non-premixed 
ames for various combustion regimes.The

temperature �eld is plotted both on the vertical cutting plane and the walls

of the domain. In Fig. 17,20 and 21 the red iso-linerepresents the zst line, the

black iso-linesthe non-premixed
ame and the iso-linesthe premixed 
ame.

6.1 Compact 
ame (Regime II)

RegimeII correspondsto a compact
ame at the mixing tubeexit. The central

recirculation zoneinduced by the swirling 
o w and evidencedby the iso-line

of zero velocity (in black in Fig 10) is �lled with burnt gasesstabilizing the


ame. Other recirculation zonesare present behind the step, in the corners

of the chamber. The 
ame topology revealed by LES (Fig 12 right) agrees

with the experimental visualization (Fig 12 left). The experimental picture

displays the OH radical spontaneousemissionof the 
ame. The LES �gure

displays the integrated value of the meanreaction rate in the spanwisedirec-

tion (
R

_! dy). This comparisonshows that both 
ame position and shape are

correctly predicted by the simulations.

As expected, the combustion index for regime II corresponds essentially to

premixed 
ames (95 %): only few non-premixed
ames (5 %) are found in the

combustion chamber (Fig. 11). This demonstratesthe e�ciency of the mixing

tube combined with the swirling 
o w.
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6.2 Flashback 
ame (regime III)

The transition from regime II (compact 
ame) to regime II I (
ashback) is

now investigated (Fig. 13). Following the suddenchangeof the inlet bound-

ary conditions (done at t = 0 s), the 
ame penetratesinto the mixing tube

after a delay of about 1s in the experiments, reducedto 0:03s in the simu-

lation becausethe changeof 
o w rates is more rapid in the simulation than

in the experiment. Figure 14 shows the minimum axial position of the 
ame

during the simulation. The position of the central recirculation zone is also

plotted and de�ned here as the minimal axial position of an axis point with

a negative velocity u = � 22m=s. This velocity value is representativ e of the

central recirculation zoneand is a good criterion to detect its axial position.

The calculated propagation velocity of the 
ame is approximatively 11 m=s

(Fig. 14) while the experimental value obtained by imageprocessingof a high

speedcamerais closeto 12 m=s (Fig. 15).

The 
ame dynamics during 
ashback are very similar to the results of [12]

obtained with a high speedvideo cameracoupled to an optical 
ame sensor

placedin the mixing tube.First the 
ame exhibits a "needleshape" (Fig. 13.2)

whoseoscillationsareprobably dueto the presenceof a precessingvortex core.

The 
ame is located at the exit plane of the mixing tube (x = 0:145 m) as

shown in Fig. 14 phaseA. From 0:0 s to 0:013s an intermittent recirculation

zone appears in the mixing tube. The secondpart of phaseA (0:013 s to

0:02 s) exhibits a strong correlation betweenthe 
ame movement and the po-

sition of the central recirculation: the 
ame is now carried by the recirculation

zoneand follows its oscillations. Then, at t = 0:02s, the 
ame needlepene-

trates towards the inlet of the mixing tube (x = 0:05 m), carried out by the

expansionof the central recirculation zoneat a speedcloseto U = � 11 m:s� 1

as shown in phaseB of �gure 14. The propagation speedof the 
ame is the

sameas the oneof the central recirculation zone:the 
ame 
ashback because
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the recirculation zoneenters the mixing tube. When 
ashback is installed, the


ame position (i.e. the minimum distancebetween the 
ame and the lips of

the injector) remainsconstant while the recirculation zoneis ejectedfrom the

mixing tube (Fig. 14 phaseC, and Fig. 13.4).

The topology of the recirculation zonesduring 
ashback is shown in more de-

tails on Fig. 13. The �rst picture (just beforedecreasingthe inlet mass
o ws

at t = 0:0 s) exhibits the classicaltopology found in swirled 
o ws: a central

recirculation zone,expanding from the outlet of the mixing tube up to two

thirds of the chamber, stabilizes the 
ame in the chamber (Fig. 13.1). The

secondsnapshotcorresponds to the onset of 
ashback (t = 0:02 s). The 
o w

is massively recirculating in the chamber and the central recirculation zone

penetratesinto the mixing tube. The comparisonof the zero-velocity iso-line

between the secondand the third snapshotevidencesa rotating movement

of this recirculation zone. In the third picture (t = 0:0225 s), the 
ame is

propagating inside the mixing tube. The recirculation zone in the chamber

becomessmaller. In the fourth snapshot,taken at t = 0:0325s, the 
ame is

stabilized inside the mixing tube, it acceleratesthe 
o w and the central recir-

culation zonein the chamber vanishes.After 
ashback, the 
ame is stabilized

by a narrow recirculation locatedaround the fuel injector. The position of the


ame with respect to the zst line shows a rich 
ame near the injector.

Figure 16 and 17 show the combustion index (Eq. 7) when the 
ame is stabi-

lized inside the mixing tube. A non-premixed
ame is found near the injector

lips whereoxidizer and fuel are not mixed. In the chamber, islandsof di�usion


ames are observed around the premixed 
ame. In the whole computational

domain, the combustion index indicates15%of non-premixed
ames and 85%

of premixed 
ames. The visualization of the 
ame index of Eq. 7 in the ax-

ial crosssectionZ = 0 shows that the di�usion 
ames are located along the

stoichiometric line while the premixed 
ames crossthe zst line (Fig. 17).
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6.3 Hysteresisphenomenon(Regime I)

It is interesting to investigatewhether the hysteresisphenomenonobserved by

the experiments is reproducedby the LES simulations. For example,regimeI

corresponds either to a compact or a 
ashback 
ame depending respectively

whether the chamber is directly ignited at regimeI or changesfrom regimeII I

to I. When the transition betweenregimesI I I and I is investigatedusingLES,

the 
ame remains stabilized in the mixing tube. Figure 18 displays the two

di�erent 
ame structures obtained for the sameinlet 
o w conditions (regime

I): compact 
ame after ignition in I (top) and 
ashback 
ame after transition

from II I (bottom). For the 
ashback 
ame, the 
ame is stabilizedin the mixing

tube by a small central recirculation zone.For the compact 
ame, contrarily

to the one obtained for regime II (Fig. 11), the rich mixture pockets create

small di�usion 
ame islands located around the premixed 
ame (Fig. 19, 20

and 21): this structure is similar to results obtained by DNS for lifted di�u-

sion 
ames [32]. According to the volume integral of the 
ame index, this

compact 
ame contains approximately 24%of non-premixed
ames and 76%

of premixed 
ames. The fuel burnt within the chamber accounts for only 83

% of the fuel injected into the burner, showing that unburnt gasesleave the

combustor. Flashback or compact 
ames obtained for this regime(� g = 0:87)

are particularly inadequateboth for material damageand pollution.

As expected, if the inlet mass
uxes are increasedin order to simulate the

transition between regimesI and I I, the 
ame goes out of the mixing tube

and stabilizesas a compact 
ame again.

6.4 Blow-o� (Regime IV)

The blow-o� limit is studied by simulating the transition between regime II

and regimeIV. The temporal evolution of the 
ame is displayed in Figure 22.
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The physical time requiredto simulate the total blow-o� sequenceis very long

(of the order of 20 ms) becauseit is important to verify that no hot gases

remain in the chamber, which may induce a re-ignition. The secondsnapshot

of Fig. 22 shows that the 
ame is weakened: it is lean (the rich zonewithin

the iso-line z = zst remains located in the mixing tube) and the structure of

the iso-surfaceof temperature shows a decreaseof the 
ame temperature. At

the last instant shown in Fig. 22 after 20 ms, the maximum temperature in

the recirculation zonesof the chamber is reducedto 1000K so that the 
ame

cannot reignite any more.Total blow-o� follows. This sequenceis very similar

to the experimental one.

7 CONCLUSIONS

This joint experimental and numerical study demonstratesthe capability of

reactive LES to predict unsteady 
ame dynamics such as 
ashback or lean

blow-o�. Both phenomenaare critical points for real gasturbines design.Nu-

merical simulations evidencethe 
ame behavior during 
ashback: the correla-

tion betweenthe central recirculation zoneinduced by the vortex breakdown

and the upstream
ame propagationis clearly shown. The 
ame is carriedby a

recirculation zonewhich enters the mixing tube and then disappearswhenthe


ame is stabilized. The transitions between the various combustion regimes

observed in the experiment are well reproducedby the simulations and a car-

tography of theseregimescan be establishedfrom LES results. Moreover, a

simple 
ame index is usedin order to determinethe local 
ame regime.Some

regimes,typically for an equivalenceratio above � g = 0:8, exhibit the presence

of di�usion 
ames and unburnt gasesdamageablefor pollutant emissions.The


ashback regimeis dominatedby non-premixed
ames while compactregimes

exhibit only premixed 
ames as expected for the normal operating of LPP
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10 FIGURES

Fig. 1. Schematic 
o w.

Fig. 2. Experimental setup
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Fig. 3. The LPP con�guration.

Fig. 4. The radial-type swirl generator.
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Fig. 5. 3D view of the mesh.

Fig. 6. Compact 
ame for regimeA (air mass
o w rate: 120m3=h ; propanemass
o w

rate: 3:75m3=h): OH radical spontaneousemissionrecordedwith a ICCD camera.
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Fig. 7. Flashback 
ame for regime A (air mass
o w rate: 120m3=h ; propane mass


o w rate: 3:75m3=h): OH radical spontaneousemissionrecordedwith a ICCD cam-

era.

Fig. 8. Lifted 
ame for regime B (air mass
o w rate: 174m3=h ; propane mass
o w

rate: 3:75m3=h): OH radical spontaneousemissionrecordedwith a ICCD camera.
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Fig. 9. Combustion regimes.

Fig. 10. Instantaneousvisualization of the compact 
ame (Regime I I). Iso-surface:

temperature (T = 1600K ); vertical plane: axial velocity ; black iso-line: zero axial

velocity (U = 0); red iso-line: zst .
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Fig. 11. Flame index for the compact 
ame regime (I I). Iso-surfaceof Modi�ed

Flame Index (Eq. 7): black for non-premixed 
ames (M F I = � 0:01); white for

premixed 
ames (M F I = 0:01). Vertical plane and boundary: temperature. Only

premixed 
ames exist in that case.

Fig. 12. Comparison of compact 
ame shape: experiment (left, OH radical sponta-

neousemission,regimeA) and LES simulations (right, integrated averagedreaction

rate, regime I I).
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Fig. 13. Transition to 
ashback (regime I I to I I I). Vertical plane: axial velocity ;

iso-surface:temperature (T = 1600K ); black iso-line: zero axial velocity (U = 0);

red iso-line: zst . Corresponding times for snapshots1 to 4: 0s ; 0.02s ; 0.0225s;

0.0325s.
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Fig. 14. Axial position of the 
ame (Thick line) and the recirculation zone (Thin

line) during 
ashback (regime I I to I I I). The boundary condition is modi�ed at t=0

s. The black circles localize the snapshotsof �gure 13.
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Fig. 15. Compact to 
ashback 
ame transition visualization (regime C to D) using a

high speedcamera(10000framesper second).Time betweenimages:500microsec-

onds (only one image over 5 is shown). Figure must be read from left to right and

then, top to bottom.
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Fig. 16. Flame index for the 
ashback regime (I I I). Iso-surfaceof Modi�ed Flame

Index: black for non-premixed 
ames (M F I = � 0:01); white for premixed 
ames

(M F I = 0:01). Vertical plane and boundary: temperature.

Fig. 17. Flame index for the 
ashback regime (I I I). Red iso-line: zst ; black iso-lines:

non-premixed 
ame (M F I < 0); white iso-lines:premixed 
ame (M F I > 0).
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Fig. 18. The hysteresisphenomenon(inlet mass
uxes are identical): compact 
ame

after ignition at regime I (top) and 
ashback after transition from regime I I I to I

(bottom). Vertical plane: axial velocity ; iso-surface:temperature (T = 1600 K );

black iso-line: zero axial velocity (U = 0); red iso-line: zst .
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Fig. 19. Flame index for the compact regime (I). Iso-surfaceof Modi�ed Flame

Index: black for non-premixed 
ames (M F I = � 0:01); white for premixed 
ames

(M F I = 0:01). Vertical plane and boundary: temperature.

Fig. 20. Flame index for the compact regime (I). Red iso-line: zst ; black iso-lines:

non-premixed 
ame; white iso-lines:premixed 
ame.
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Fig. 21. Flame index for the compact regime (I), dowstream localtion x = 0:245m.

Red iso-line:zst ; black iso-lines:non-premixed
ame; white iso-lines:premixed 
ame.
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Fig. 22. Blow-o� sequence (regime I I to IV). Vertical plane: axial velocity

; iso-surface: temperature (T = 1600K ); black iso-line: zero axial velocity

(U = 0m=s); red iso-line: zst . Corresponding times for snapshots1 to 4: 0s ; 0.005s

; 0.01s; 0.02s.
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