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Abstract

Lean Premixed Prevaporized (LPP) conbustion is a widely usedconceptfor re-
ducing pollutant emissionsin gasturbines. In LPP systems,a mixing tubeis 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 phenomenasudc as blow-o or ashbadk which
are still beyond the prediction capabilities of most numerical tools. The presen
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

ashbadk regimes(where the ame is stabilized in the mixing tube) aswell aslean
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blow-0 situations are encourtered. LES is then usedto investigate ead regime as
well asthe transition and the hysteresisphenomenabetweenregimes.Flashbadk and
blow-o limits are correctly reproducedand LES shows the crucial role of swirl and
axial recirculation zonesduring ashbad. More generally, this study demonstrates

the potertial of existing LES to study transient phenomenain ames.

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

Prevaporized, Swirl

1 INTR ODUCTION

The reduction of the pollutant emissionsbecomesone of the major stakesin
the designof gasturbines conbustors. In LPP systems(Lean Premixed Pre-
vaporized) a mixing tubeis inserted betweenthe fuel injector and the conmbus-
tion chamber. This tube allows a drastic reduction of the emissionsbecause,
asthe mixing of the reactarts is improved, the burnt gasesemperature may
be decreasecand NOx emissionsreduced (Fig. 1). On the other hand, LPP
systemscan be sensitive to conbustion instabilities. They are also prone to
ashbadk [1] asthe ame may stabilize in the premixing zone, upstream of
the conbustion chamber. This regime of combustion canlead to sewere dam-
age of the injection device by increasingthe wall temperature. Blow-o and

reignition are alsocritical processegor gasturbine operation.

In this context, Large Eddy Simulation (LES) for conbustion becomesa basic
tool to understand,predict and prevent sud phenomena[2-4]. This technique
explicitly computesunsteadylargeturbulent structuresof the ow 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 experimertal con g-

uration is a simplied 300 kW cylindrical LPP swirled burner operated at



Laboratoire EM2C. This burner, speci cally designedto allow and visualize
ashbad, runs at atmosphericpressure Propaneis usedto avoid vaporization
e ects and modeling in this preliminary study. Both experimerts and numer-
ical simulations are carried out in order to study the transitions betweenthe
various combustion regimes.Multiple papers have been dewted to detailed
comparisonsof velocity, speciesand temperature elds for one steady 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 dewted to detailed

analysisof one single case.

2 FLASHBA CK

Flashbadk is an intrinsic behaviour of premixed systemsas the ame may
stabilize where fuel and oxidizer mix, upstream of the conbustion chamber.
Seeral explanationsof ashbad can be found in the litterature but none of
them is universal and the occurrenceof ashbadk dependsmainly on the ex-
perimertal device [9]. Flashbadk occurswhen autoignition takesplacein the
mixing zone [1] or whenthe ow velocity is of the sameorder than the com-
bustion velocity (fresh gasesconsumptionvelocity) sothat the ame is ableto
propagateupstream. The low ow velocity relatively to the ame speedmay
be induced by the proximity of a solid wall, low turbulence levels, instability,

or vortex breakdovn. Flashbadk medanismsare now brie y discussed.

Flashbadk by autoignition

Autoignition doesnot involve ame propagationand occurswhenthe gas
residencetime exceedghe fuel ignition delay time, leadingto the ignition
of the mixture in the mixing zone. Autoignition delays depend mainly on
local temperature, pressureand equivalenceratio [10].

Flashbadk in boundary layers



In boundary layers,the velocity is su cien tly low to allow upstreamprop-
agationofthe ame. Howe\er, this propagationis limited by wall quending.
Lewis and von Elbe [11] have proposeda criterion for the laminar ame,
which relies on a comparisonbetween the wall velocity gradiert and the

ratio of the laminar ame speeds; over quendiing distancedy:
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This criterion statesthat ashbad occurswhenthe ow velocity at a dis-
tance dy from the wall is lower than the ame speed(at distancessmaller
than dg, the ame cannot survive). This classicalpoint of view is not sat-
isfying for many of the obervations of ashbadk in industrial and turbulent
con gurations [1, 9]. Flashbad in boundary layersseemsgo be predominart
in non-swirling low turbulent ows [12] or low speedcatalytic combustion
[1].
Turbulent ame propagationin the core ow

This propagation is possiblewhen the turbulent ame velocity st be-
comeshigher than the local ow velocity. Sud a situation may occur in
swirling ames, whereturbulence is intenseand the ame surfaceavailable
is signi cantly larger than the ame surfaceof a laminar ame leadingto a
possible ashbadk on the burner axis [9].
Combustion instabilities leadingto ashbadk

Combustion instabilities are dueto a coupling betweenheat release pres-
sure uctuations and ow hydrodynamics.The velocity uctuations induced
by aninstability canbe aslargeasthe mean o w velocity and leadto atran-
siert ashbadk during the oscillation cycle. A classicalexampleof sud ash-
bad is the turbulent premixed ame behind a step [13-16]wherecoheren
structures cortrol ashbad. Sinceswirled burners are sensitive to combus-
tion instabilities, thesescenariognay trigger ashbad in theseconbustors.
Howewer, sudh ashbadks require a high level of uctuations to appear [12]

which is beyond the acceptablenoiselevelsin most conbustion systems.



Flashbadk induced by vortex breakdovn

Various medanismscortrol the behavior of swirling ows. One of them
is vortex breakdavn [17].1t canbe de ned asan abrupt changein the jet
topology and cantake se\eral forms. Phenomenologicallythe breakdovn of
a vortex occurswhenits azimutal velocity is larger than its axial velocity.
This complexand highly 3D phenomenondependson the ow circulation
(or the swirl number) and the Reynoldsnumber [18].In conmbustion cham-
bers, vortex breakdavn is accompaniedby a large recirculation zone with
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 ashbad [1]. This type of ashbadk hasbeenexper-
imentally obsened andidenti ed in a swirled burner [12]and a radial-type

swirled stabilized ame in [9].

This short review of ashbadk suggeststhat it can be trigged by multiple
causes.The type of ashbad occurring in LPP systemsis not clearly de-
ned. Understanding ame propagation and stabilization in the mixing zone
of LPP devicesis essetial to avoid ashbad. The practical solutions chosen
to stabilize the ame in the chamber will be dierent to avoid a boundary
layer ashbadk or a ashbadk due to vortex breakdavn. Visualizations with
a high-speed cameraon the experimertal device studied here shav an up-
stream propagation of the ame during ashbadk. Theseimages,preseied in
the next sections,suggestthat ashbad is not due hereto boundary layer
propagation. Recen experimerts [12], two-dimensionalRANS [20], or two-
dimensional LES [21] showv that ashbadk in swirled ows occurs because
of vortex breakdavn but the interaction betweenthe ow (the recirculation

zones)and the ame is still unclear.

In this work, large eddy simulations and experimerts are combined to provide
new insights on ashbad in a well-cortrolled case.The con guration and

the experimertal setup are presered in section 3. Section 4 descrikes the



numerical solver usedto simulate the unsteadyturbulent reacting ow. The
various combustion regimesfound experimertally are presened in section5

and comparedto the numerical resultsin section6.

3 CONFIGURA TION AND EXPERIMENT AL SETUP

A laboratory-scalegasturbine combustion chamber hasbeendesignedand op-
erated at atmosphericpressureby Laboratoire EM2C (Fig. 2). The air ow is
introducedin the mixing tube through a swirl generatorand shearsa certral
jet of propane (Fig. 3). Fuel and air mix in the so-calledmixing tube be-
fore ertering the combustion chamber itself. The underlying principle of LPP
techniquesis to add sud a mixing zonein order to produce a well-premixed
prevaporized mixture and cortrol the ame temperature. The swirling ow
generatedin the mixing tube both enhanceshe mixing of reactarts and al-
lowsthe ame stabilization in the conbustion chamber. The suddenchangeof
section betweenthe mixing tube and the combustion chamber reinforcesthe
certral recirculation zonecharacterizingswirling ows [19]. This recirculation
zonemaintains hot burned gasesin cortact 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 ow
metersead ow is puried through lters. The maximum capacitiesof eat
mass o w meter are 300 m3=h for air and 15 m3=h for propane, which leads
to a maximum heat releaseof about 300 kW.

The radial-type swirl generator (Fig. 4) is composed of eighteen constarn-
sectionvaneswhoseangle with the local radial direction is 35°. Mixing tube
and conbustion chamber are made of 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



Reynoldsnumber in the mixing tube (basedon the mixing tub e diameter and
the bulk velocity) variesbetween40,000up to 280,000.The combustion cham-
ber is 300mm long and hasa diameter of 150mm. The exit of the conbustion
chamber is connectedto a large dimensionroom bounded by non-re ecting
material walls. We assumethat the interaction betweenthe burner and its
surrounding is weak, sothat the pressureat the outlet planeis constart and
equalto latm. The mixture is ignited in the conmbustion chamber by a spark
plug, located at the rear face of the combustion chamber, 50 mm from the
combustion chamber axis.

Combustion regimescan be identied by a direct obsenation of the ame.
Spontaneous emissionof the OH radical have also beenrecordedusing a
ICCD camera(PI-MAX 512x512Princeton Instrument) with adequate Iters
(WG305and U340). Flame front dynamics have beenrecordedusing a high-
speed camera (Photron Fastcam APX) operating up to 10,000frames per

seconddsn 256x512pixels.

4 LES FOR TURBULENT REA CTING FLOWS

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 owson complexgeometriesby usingre ned grid cellsonly

in the mixing and reactive regionsof the ow.

The numerical shemeprovidesthird-order spatial accuracyon hybrid meshes
[23]. This point is important becausehigh-order numerical shhemes(required

to perform preciseLES calculations)are particularly di cult to implemert on

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

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

(NSCBC) are usedfor inlets and outlets [2, 24]to ensurea physical represen-



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 scalestressesvhereasthe ame-turbulence interaction is
descriked by the dynamic thickened- ame model (DTF) [26-29].

The grid usedfor 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 resohed ame front is about v e times the unstretched laminar ame

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

would not be able to penetratein the mixing tube. When the ame ashes
bad, it transitions from a partially premixed mode to a di usion mode. The

DTF model can capture this e ect at least qualitatively. Tests [21, 29] shav

that the DTF ame consenesthe overall consumptionrate of di usion ames

(within 10to 20 percen) whenit is thickenedbecauseonly the reaction zones
are thickened:the di usion layersare not modi ed and hencethe global con-
sumption rate is consered. The useof a small thickening factor increaseshe

accuracyof the thickened ame model and reducesthe importance of the sub-
grid scalemodel.

For the presen study, an non-structured grid of tetrahedral elemerts is used
with atotal of about 700,000cells(Fig. 5). The walls are assumedo be adia-
batic and the gaseouduel issuingfrom the injector is pure propane.A single

step chemical shemeis usedto descrike air/propane chemistry:

CsHg + 50,! 3CO,+ 4H,0 (2)

The rate of this reaction is given by:

| |
Moy, M2 g,
2

A e i @

q= A
WCsHs WOz

where A = 3:291& + 10 cgs, E, = 31126cal/mol, nc,n, = 0:856 and
No, = 0:503.



The total physical time simulated for ead transition is about 0:05s corre-
sponding to 3000 hours CPU time on a SGI 03800 R14000500Mhz. The

computations are typically performedon 32 processors.

5 EXPERIMENT AL IDENTIFICA TION OF COMBUSTION REGIMES

Similarly to gasturbine burners,the presen conbustion chamber exhibits var-
ious stabilization modes. The normal operating point correspndsto a com-
pact ame stabilized in the combustion chamber by the swirling ow (Fig. 1
and 6). When ashbad occurs, the ame eners the mixing tube (Fig. 7)
whereit stabilizesnear the fuel injector. Starting from a compact ame and
decreasingequivalenceratio leadsto a lifted ame, stabilized downstreamin
the combustion chamber (Fig. 8). Decreasingthe equivalenceratio even more

leadsto lean blow-o .

The experimertal setup is designedto resist ashbadk without damagefor a
long time. In this situation, the ame is stabilized a few certimeters down-
stream of the propaneinjector. Sinceboth compactand ashbadk ames can
be (safely) investigated,this facility givesthe opportunity to understandboth
regimesand the transitions betweenthem. A map of the ame regimesis plot-
ted in Fig. 9 asa function of the air ow 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 certral toro-dal
recirculation zone. For higher values of the equivalenceratio, the structure
of the ame can be either ashbad or compact, depending on initial condi-
tions and operating procedure.This is a hysteresisregion. The transition from
ashbadk to compact ames takes place at approximately the sameequiva-
lenceratio 4 = 0:68, independenly of the air ow rate. This transition is
not smooth and is assaiated with high uctuations of the ame shape and

position.



Figure 9 shows that the dynamics of the burner are mainly cortrolled by
the overall equivalenceratio since,for intermediate air ow rates, transitions
betweendi erent regimesoccur at constart equivalenceratios : 4 = 0:68 for
the ashbadk to compact ame transition, 4= 0:54for the compactto lifted
ame transition and 4 = 0:51for blow-o . For higher valuesof air mass ow
rates (above 210 m3=h) the bulk velocity in the premixing tube is very high

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

6 NUMERICAL RESULTS

The aim of this study is to investigatethe ability of LES to predict the various
ame regimesobsened experimertally. Figure 9 shows the regimescomputed

using LES:

Regimel: Qur = 60m3=h; Qe = 225m3=h; 4= 0:9

Theseinlet mass uxes are within the range of the hysteresisphenomenon:
for regimel the ame can be either compactor ashbad dependingon its
history.

Regimell: Qur = 120m3=h; Qfye = 3m3=h; = 06

The equivalenceratio is weaker than for regimel. This regimecorrespnds
to a normal operating mode of the LPP, leadingto a compact ame.
Regimelll: Qur = 21m3=h; Qfye = 0:75m3=h; 4= 0:89

Flashbad is expected for this regime correspnding to a high equivalence
ratio and weak inlet ow velocities.

RegimelV: Qaur = 120m3=h; Q¢ el = 225m3=h; 4= 0:45

This regime correspndsto a lean blow-o .

In the following sectionsthe transitions betweentheseregimesareinvestigated
accordingto the paths plotted in Fig. 9. The ignition is donefor regimel and

a compact ame is obtained. Travelling to regimell by increasingfuel and air
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inlet ows but decreasingthe equivalenceratio presenesthe compact ame
(section6.1). A suddendecreasef inlet ows (increasingthe equivalenceratio
leadingto regimelll) induces ashbadk. This transition is discussedn section
6.2. Coming bad to regimel evidenceshe hysteresisphenomenonthe ame
remains in the mixing tube (section 6.3) instead of transitioning badk to a
compact ame. Finally, aleanblow-o0 sequencas investigatedby simulating
the transition betweenregimesll 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 preseted in order to visualize
the recirculating ow in the conmbustion chamber and/or in the mixing tube
as well asthe ame location and shape. Badk o w zonesare visualized by a
bladk iso-line of zeroaxial velocity. The mixture fraction z is usedto visualize

the stoichiometric mixing line zg in the certral plane with a red line:

sYe Yo+ Y9
= 4
SRSV P @
YO
= © __ = 0:059 (5)

Zg4 = —S5 o0
®osY+ Yy

whereYp? and Y are fuel and oxidizer massfractions in pure fuel and oxidizer

streamsrespectively, and s is the massstoichiometric ratio.

The ame structure (premixedvsdi usion ame) isakeyissuein LPP devices.
A simplelocal ame index (FI) [30,31]canbe usedto idertify the combustion

regime:
FI = grad(Yo,):grad(Ye,n,) (6)
whereYo, and Yc, 4, arethe Itered massfractions of the oxidizer and propane

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

to limit the visualization to reaction zones:

T
MFEI = = F| 7)
|
—Fmax
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where ! ¢ is the instantaneous Itered reaction rate and ! ¢ __ is its maxi-
mum value in the domain. In Fig. 11, 16 and 19 the white iso-surfacecor-
respondsto a positive modied ame index (MFI = 0:01), i.e. a premixed
ame and the black iso-surfacecorrespndsto a negative modied ame in-
dex(MFI = 0:01), i.e. a non-premixed ame. The volume integral of the
positive or negative valuesof this index is usedto quartify the relative weigh
of premixed and non-premixed ames for various conmbustion regimes.The
temperature eld is plotted both on the vertical cutting plane and the walls
of the domain. In Fig. 17,20and 21 the red iso-linerepresets the z line, the

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

6.1 Compact ame (Regimell)

Regimell correspndsto a compact ame at the mixing tube exit. The certral
recirculation zoneinduced by the swirling ow and evidencedby the iso-line
of zerovelocity (in black in Fig 10) is lled with burnt gasesstabilizing the
ame. Other recirculation zonesare presen behind the step, in the corners
of the chamber. The ame topology revealedby LES (Fig 12 right) agrees
with the experimertal visualization (Fig 12 left). The experimertal picture
displays the OH radical spontaneousemissionof the ame. The LES gure
displays the integrated value of the meanreaction rate in the sparwise direc-
tion (R!_dy). This comparisonshaws that both ame position and shape are

correctly predicted by the simulations.

As expected, the conbustion index for regime Il correspnds essetially to
premixed ames (95 %): only few non-premixed ames (5 %) are found in the
conbustion chamber (Fig. 11). This demonstratesthe e ciency of the mixing

tube combined with the swirling ow.
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6.2 Flashlack ame (regimelll)

The transition from regime Il (compact ame) to regime lll (ashbad) is
now investigated (Fig. 13). Following the suddenchange of the inlet bound-
ary conditions (done at t = 0 s), the ame penetratesinto the mixing tube
after a delay of about 1s in the experimerts, reducedto 0:03s in the simu-
lation becausethe changeof ow ratesis more rapid in the simulation than
in the experimert. Figure 14 showvs the minimum axial position of the ame
during the simulation. The position of the certral recirculation zoneis also
plotted and de ned here asthe minimal axial position of an axis point with
a negative velocity u = 22m=s. This velocity value is represemativ e of the
certral recirculation zoneand is a good criterion to detect its axial position.
The calculated propagation velocity of the ame is appraximatively 11 m=s
(Fig. 14) while the experimertal value obtained by imageprocessingof a high

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

The ame dynamicsduring ashbad are very similar to the results of [12]
obtained with a high speedvideo cameracoupledto an optical ame sensor
placedin the mixing tube. First the ame exhibits a "needleshape” (Fig. 13.2)
whoseoscillationsare probably dueto the presenceof a precessing/ortex core.
The ame is located at the exit plane of the mixing tube (x = 0:145m) as
shown in Fig. 14 phaseA. From 0:0 s to 0:013s an intermittent recirculation
zone appearsin the mixing tube. The secondpart of phaseA (0:013s to
0:02 s) exhibits a strong correlation betweenthe ame movemern and the po-
sition of the certral 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 certral recirculation zoneat a speedcloseto U= 11m:s !
as shown in phaseB of gure 14. The propagation speedof the ame is the

sameasthe oneof the certral recirculation zone:the ame ashbadk because
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the recirculation zoneerters the mixing tube. When ashbad is installed, the
ame position (i.e. the minimum distance betweenthe ame and the lips of
the injector) remainsconstart while the recirculation zoneis ejectedfrom the
mixing tube (Fig. 14 phaseC, and Fig. 13.4).

The topology of the recirculation zonesduring ashbad is shovn in more de-
tails on Fig. 13. The rst picture (just beforedecreasinghe inlet mass ows
at t = 0:0 s) exhibits the classicaltopology found in swirled ows: a certral
recirculation zone, expanding from the outlet of the mixing tube up to two
thirds of the chamber, stabilizesthe ame in the chamber (Fig. 13.1). The
secondsnapshotcorrespndsto the onsetof ashbadk (t = 0:02s). The ow
is massiely recirculating in the chamber and the certral recirculation zone
penetratesinto the mixing tube. The comparisonof the zero-\elocity iso-line
between the secondand the third snapshotevidencesa rotating movemert
of this recirculation zone. In the third picture (t = 0:0225s), the ame is
propagating inside the mixing tube. The recirculation zonein the chamber
becomessmaller. In the fourth snapshot,taken at t = 0:0325s, the ame is
stabilized inside the mixing tube, it accelerateshe ow and the certral recir-
culation zonein the chamber vanishes. After ashbad, the ame is stabilized
by a narrow recirculation located around the fuel injector. The position of the

ame with respect to the zg line shovs a rich ame near the injector.

Figure 16 and 17 shav the conbustion index (Eq. 7) whenthe ame is stabi-
lized inside the mixing tube. A non-premixed ame is found nearthe injector
lips whereoxidizer and fuel are not mixed. In the chamber, islandsof di usion
ames are obsened around the premixed ame. In the whole computational
domain, the conbustion index indicates 15% of non-premixed ames and 85%
of premixed ames. The visualization of the ame index of Eq. 7 in the ax-
ial crosssectionZ = 0 shaws that the di usion ames are located along the

stoichiometric line while the premixed ames crossthe zg line (Fig. 17).

14



6.3 Hysteresis phenomenon(Regime )

It is interestingto investigatewhetherthe hysteresisphenomenorobsened by
the experimerts is reproducedby the LES simulations. For example,regimel
correspnds either to a compactor a ashbak ame depending respectively
whetherthe chamber is directly ignited at regimel or changesfrom regimelll
to I. When the transition betweenregimeslIl and| is investigatedusing LES,
the ame remains stabilized in the mixing tube. Figure 18 displays the two
di erent ame structures obtained for the sameinlet ow conditions (regime
l): compact ame after ignition in | (top) and ashbadk ame after transition
from 111 (bottom). For the ashbadk ame, the ame is stabilizedin the mixing
tube by a small certral recirculation zone.For the compact ame, cortrarily

to the one obtained for regime Il (Fig. 11), the rich mixture pockets create
small di usion ame islandslocated 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 corntains approximately 24% of non-premixed ames and 76%
of premixed ames. The fuel burnt within the chamber accourts for only 83
% of the fuel injected into the burner, shaving that unburnt gasedeave the
combustor. Flashbadk or compact ames obtained for this regime( 4= 0:87)

are particularly inadequateboth for material damageand pollution.

As expected, if the inlet mass uxes are increasedin order to simulate the
transition betweenregimesl and Il, the ame goesout of the mixing tube

and stabilizesas a compact ame again.

6.4 Blow-o (Regime V)

The blow-o limit is studied by simulating the transition betweenregimell

and regimelV. The temporal ewlution of the ame is displayed in Figure 22.
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The physicaltime requiredto simulate the total blow-0 sequencas 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 shaws that the ame is weakened:it is lean (the rich zone within
the iso-line z = z5 remainslocated in the mixing tube) and the structure of
the iso-surfaceof temperature showns a decreaseof the ame temperature. At
the last instant shavn in Fig. 22 after 20 ms, the maximum temperature in
the recirculation zonesof the chamber is reducedto 100K sothat the ame
cannotreignite any more. Total blow-o follows. This sequencaes very similar

to the experimertal one.

7 CONCLUSIONS

This joint experimertal and numerical study demonstratesthe capability of
reactive LES to predict unsteady ame dynamics sud as ashbadk or lean
blow-o0 . Both phenomenaare critical points for real gasturbines design.Nu-
merical simulations evidencethe ame behavior during ashbad: the correla-
tion betweenthe certral recirculation zoneinduced by the vortex breakdavn
and the upstream ame propagationis clearly shovn. The ame is carriedby a
recirculation zonewhich enters the mixing tub e and then disappearswhenthe
ame is stabilized. The transitions betweenthe various conbustion regimes
obsenedin 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 4 = 0:8, exhibit the presence
of di usion ames and unburnt gaseslamageabldor pollutant emissionsThe
ashbad regimeis dominated by non-premixed ames while compactregimes

exhibit only premixed ames as expected for the normal operating of LPP
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devices.
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Fig. 2. Experimental setup

21




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

era.

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

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

velocity (U = 0); red iso-line: zg;.
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Fig. 11. Flame index for the compact ame regime (I1). Iso-surface of Modi ed
Flame Index (Eqg. 7): black for non-premixed ames (MFI = 0:01); white for
premixed ames (M FIl = 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,regime A) and LES simulations (right, integrated averagedreaction

rate, regime ).
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Fig. 13. Transition to ashbadk (regime Il to Ill). Vertical plane: axial velocity ;
iso-surface:temperature (T = 160K ); black iso-line: zero axial velocity (U = 0);
red iso-line: zs;. Corresponding times for snapshots1 to 4: 0Os; 0.02s; 0.0225s;
0.0325s.
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Fig. 15. Compactto ashbadk ame transition visualization (regime C to D) using a
high speedcamera(10000framesper second).Time betweenimages:500 microsec-

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 ashbadk regime (I11). Iso-surfaceof Modi ed Flame
Index: black for non-premixed ames (M FIl = 0:01); white for premixed ames

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

Fig. 17. Flame index for the ashbadk regime (111). Red iso-line: zg; black iso-lines:

non-premixed ame (M FI < 0); white iso-lines:premixed ame (MFI > 0).
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Fig. 18. The hysteresisphenomenon(inlet mass uxes are identical): compact ame
after ignition at regime | (top) and ashbadk after transition from regimelll to |
(bottom). Vertical plane: axial velocity ; iso-surface:temperature (T = 1600K);

black iso-line: zero axial velocity (U = 0); red iso-line: z;.
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Fig. 19. Flame index for the compact regime (I). Iso-surface of Modi ed Flame
Index: black for non-premixed ames (M FIl = 0:01); white for premixed ames

(MFI = 0:01). Vertical plane and boundary: temperature.

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

Rediso-line: z¢t; black iso-lines:non-premixed ame; white iso-lines:premixed ame.
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Fig. 22. Blow-0 sequence(regime |l to IV). Vertical plane: axial velocity
; iso-surface: temperature (T = 160K ); black iso-line: zero axial velocity
(U = Om=s); red iso-line: zs;. Corresponding times for snapshotsl to 4: 0s; 0.005s

: 0.01s; 0.02s.

34



