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19.5 %! 6.3 %! 74.2 %!
Energie!
renouvelable!

Energie!
nucléaire!

Energie!
fossile!

Nucléaire!
0.669 Gtep !

Charbon!
2.186 Gtep (20.6%)!
!
Pétrole!
3.504 Gtep (33.1%)!
!
Gaz!
2.164 Gtep (20.5%)!

Hydraulique!
0.690 Gtep (6.5%)!
!
Biomasse (bois)!
1.200 Gtep (11.3%)!
!
Autres renouvelables!
0.180 Gtep (1.7%)!

En comparaison, le nombre de scientifiques travaillant sur la recherche de base en 
combustion est assez réduit ~ 3000  (Symposium international sur la combustion à Orléans en 1990)!

Total pour la !
combustion :!
!85.5 %!

85% de l’énergie primaire dans le monde est obtenue par combustion!
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La complexité de la combustion en une planche !
(1) Beaucoup de  modes de combustion, de configurations, !
de géométries et de conditions de fonctionnement!
(2) Cinétique chimique complexe multi-espèces!
(3) Des taux de réaction raides (Arrhenius )!
(4) Des problèmes multi-échelles!
(5) Des conditions critiques (allumage, extinction)!
(6) Des réactifs injectés sous forme liquide!
(7) La proximité des parois!
(8) Des pressions élevées, transcritiques!
(9) Des écoulements turbulents complexes!
(10) Un problème multiphysique (couplages avec!
beaucoup d’autres processus : acoustique, rayonnement…)   !
!



Combustion stoechiométrique du butane (C4H10)!

C4H10 + 6.5 (O2+3.76 N2)   4CO2+5H2O+ 6.5 x 3.76 N2 

3% en volume ou 6% en 
masse pour un mélange à 
la stoechiométrie  



Combustion stoechiométrique du butane (C4H10)!

C4H10 + 6.5 (O2+3.76 N2)   4CO2+5H2O+ 6.5 x 3.76 N2 

PCI *!
(MJ/kg)!

Tébullition 
(°C)!

ρL !
(kg/m3)!

ρV !
(kg/m3)!

Butane! 45.6! 0! 585! 2.50!

Propane! 46! -42! 515! 1.85!

3% en volume ou 6% en 
masse pour un mélange à 
la stoechiométrie  

* Pouvoir Calorifique Inférieur!



Puissance dégagée par la combustion de 1m2 de butane!

SL 

A = 1 m2 
p=1 bar, 15°C 

Mélange butane/air stoechiométrique!

HYDROCARBON FLAME SPEEDS
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FIGURE 6 Flame speeds of the C.-C, normal alkanes.
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FIGURE 7 Mass burning rates of the C,-C, normal alkanes. The methane and propane data
are taken from Vagelopoulos et al. (1994), and the ethane data are taken from Egolfopoulos
et al. (1990).
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Davis & Law CST (1998)!

Vitesse de flamme!

Débit masse de mélange consommé : 

Débit masse de butane consommé : 

Puissance thermique : 

Pour les alcanes!



Combustion laminaire!

Front de flamme bien identifié!
Stationnaire!
Pas de bruit !
!

Bruit de combustion!

Front de flamme est plissé !
Siège de mouvements désordonnés 
Emission sonore large bande!

La taille de la flamme a diminué 
alors que le débit a augmenté 

plissements!

Combustion turbulente 
p� 

Puissance acoustique 
rayonnée!



Régime stable!

Mouvements désordonnés 
de faible amplitude!
!
Bruit large bande!

Effet d’un confinement!

Mouvement cyclique de grande 
amplitude auto-entretenu!
!
Apparition d’une fréquence préférentielle 
selon :!
-  la position de la flamme dans le tube!
-  la longueur de la cavité!
-  des conditions aux limites!

Régime instable!

Film « organ pipe » 



Ecoulement! Combustion!

Acoustique!

Principe d’un couplage acoustique-combustion!

p� 

Bruit de !
combustion!

Q� Réponse de flamme à des 
perturbations de l’écoulement!

Réponse 
acoustique du 
foyer!

(A) 

(B) (C) 



Instabilités dans les foyers opérant en régime stationnaire 

 

~ 1 GW th 

!Les nouvelles technologies de combustion favorisent les couplages thermo-
acoustiques   

~ 100 MW th ~ 1 MW th 

~ 10 kW th 

Pression élevée! Rendement élevé! Densités d’énergie élevées!

Design compact! Gain de poids! Environnement réfléchissant!

Combustion pauvre! Réduction des NOx! Stabilisation difficile!



Instabilité dans une chaudière domestique alimentée au 
gaz naturel!

Lors de l�instabilité la paroi de la 
chaudière se déforme indiquant une 
variation importante de la pression 
dans le foyer. 

Pth = 10 kW, p = 1 bar  



Transition vers un régime instable entraînant une 
remontée de la flamme dans l’injecteur: « flashback »!

Pth = 300 kW     p = 1 bar  

Régime stable :    La zone de combustion fluctue autour d�une position 
moyenne avec des mouvements aléatoires de faible amplitude. Le bruit de 
combustion rayonné reste modéré et large bande.!
!
Régime instable : Apparition de mouvements synchronisés de grande 
amplitude accompagnés d’un pic démission sonore important. Intensification 
des flux de chaleur. La flamme a ici tendance à rentrer dans l’injecteur.!

Chambre équipée d’un  
injecteur aéronautique 

L’opérateur change la qualité  
du mélange combustible/air 
et le système devient 
instable 



Dynamique et contrôle de la combustion!
Les instabilités de !
combustion perturbent!
le fonctionnement de !
nombreux systèmes !
et peuvent conduire,!
dans des situations !
extrêmes, à des!
accidents spectaculaires!

Objectifs !
!

[1] Identifier les mécanismes fondamentaux !
[2] Développer des méthodes de prévision !
[3] Développer des méthodes de contrôle!
!

Liquid rocket engine  !
after HF instability!

La prévision de ces phénomènes posent 
de grosses difficultés – 3 points sont 
examinés ici 



asymmetry brought about by the PVC. The analysis of these inter-
actions in this work follows several steps. First, important periodic
dynamics of the flow-field are described based on the high-speed
velocity measurements. The high-speed chemiluminescence and
PLIF measurements are then used to qualitatively describe impor-
tant, large-scale features of the flow–flame interaction, which were
strongly influenced by the dynamics of the PVC. It then is shown
that the high-speed measurements can be used to compile statis-
tics that are simultaneously resolved with respect to the phase
angles of the acoustic cycle and the PVC motion around the
combustion chamber. These statistics reveal flow-field and flame
configurations that are very repeatable when both phase angles
are considered together. Finally, the insights gained from the
doubly phase resolved statistics are combined with the temporal
measurements to describe the flow–flame interactions causing
acoustically coupled heat release fluctuations.

2. Combustor and diagnostics

The GTMC used for this work has been the subject of numerous
previous studies in which the geometry is described in detail
[37–45]. Furthermore, the analysis presented in this work is based
on the experiments of Ref. [50]. Hence, only a brief description of
the combustor and diagnostics is provided here.

2.1. Gas turbine model combustor

The GTMC is shown schematically in Fig. 1. Co-swirling dry air
at room temperature was supplied to the flame through a central

nozzle (diameter 15 mm, eight swirl channels) and an annular noz-
zle (i.d. 17 mm, o.d. 25 mm contoured to an o.d. of 40 mm, 12 swirl
channels), both of which were fed from a common plenum. Non-
swirling CH4 was introduced through a ring comprised of 72 square
0.5 mm ! 0.5 mm channels between the air nozzles. The exit plane
of the fuel and central air nozzles was 4.5 mm below that of the
outer nozzle and the latter was taken as the reference height
(y = 0).

The burner was enclosed in an optically accessible combustion
chamber comprised of fused silica plates held in the corners by
Inconel! alloy posts. This allowed virtually unobstructed optical
access to the flame. The chamber had a square cross section of
85 mm ! 85 mm and a height of 114 mm. The exhaust was formed
from a steel plate with a conical contraction, leading to a 40 mm
diameter exhaust tube.

Under certain operating conditions, flames in this burner exhi-
bit self-excited thermo-acoustic pulsations, while under other con-
ditions the flames operate stably [41,42]. The flame studied here
corresponded to ‘Flame B’ in Refs. [41,42], was identical to that
studied in Ref. [50], and produced large-amplitude thermo-acous-
tic pulsations at 308 Hz. Fuel and air were supplied to the combus-
tion chamber at rates of 12.3 g/min and 281 g/min, respectively.
Flow rates were controlled using electromechanical mass flow con-
trollers (Brooks) and monitored using calibration standard Coriolis
mass flow meters (Siemens Sitrans F C) with an uncertainty of 1.5%.
The resultant flame had a thermal power of 10 kW, a global equiv-
alence ratio of 0.75, and a swirl number of 0.55. The Reynolds num-
ber based on the total reactant flow rate and the minimum outer
nozzle diameter (25 mm) was about 15,000. The burner was al-
lowed to thermally stabilize at full power for at least 20 min prior
to data acquisition. During a data acquisition run, approximately
4% of the air mass flow was diverted through a fluidized bed parti-
cle seeder containing 0.5 lm TiO2 particles to enable the velocity
measurements. The air flow was seeded only during the short data
acquisition periods to reduce the accumulation of particles on the
windows. Because the flow only was seeded for a few seconds at a
time, window degradation was minimized and several data acqui-
sition runs could be accomplished before window contamination
significantly affected the measurements.

The burner was equipped with multiple ports for microphone
probes and pressure transducers. Two probes (Brüel & Kjaer, Type
4939) were used for this study, one mounted in a corner post of the
combustion chamber and one in the outer wall of the plenum. Both
probes were sampled at a rate of 20 kHz using a multi-channel
DAQ system, which simultaneously recorded the camera intensi-
fier trigger for the PLIF system described below. This allowed syn-
chronization of the acoustic and laser based measurements. The
frequency spectra measured from the probes were virtually identi-
cal and showed a large amplitude acoustic fluctuation at 308 Hz.
The signal from the plenum microphone exhibited less noise than
that from combustion chamber and had a phase shift of approxi-
mately 85" in the dominant Fourier transformation frequency.
Due to the reduced noise, this plenum signal was shifted in phase
to match that in the combustion chamber and used to identify the
phase angle in the acoustic cycle at which each laser based mea-
surement was acquired. Examples of the acoustic signals are pro-
vided in Section 3.

2.2. Stereoscopic particle image velocimetry

Three-component planar velocity-fields were measured at a
rate of 5 kHz using stereoscopic PIV. The system, shown in Fig. 2,
consisted of a high-repetition-rate, dual-cavity, diode-pumped, so-
lid state Nd:YAG laser (Edgewave, IS-6IIDE) and a pair of high-
speed CMOS cameras (LaVision HSS5). Laser pulse pairs (532 nm,
2.6 mJ/pulse, 14 ns pulse duration, 20 ls between pulses) repeating

Fig. 1. Schematic of the gas turbine model combustor with the fields of view for the
various diagnostics. The streamlines indicate the mean velocity-field measured in
Ref. [44].

2252 A.M. Steinberg et al. / Combustion and Flame 157 (2010) 2250–2266

La mise en rotation de l’écoulement (swirl) crée une zone centrale 
dépressionnaire qui permet de stabiliser des flammes compactes!

Palies et al. C&F (2010) 

V 

Kim et al. CST (2012) 

M 
ORZ = Outer  
Recirculation Zone 

ISL = Inner Shear Layer 
OSL = Outer Shear Layer 

(A) Stabilisation des flammes par swirl!

La topologie de la flamme dépend d’interactions 
complexes avec les couches de cisaillement!

IRZ = Inner  
Recirculation Zone 

Nombre de Swirl 

Steinberg et al. C&F (2010) 



Les écoulements swirlés sont le sièges d’instabilités !
hydrodynamiques qui modifient la combustion!

FL46CH07-Candel ARI 16 November 2013 15:56

a b c

Figure 2
Practical swirling injector arrangements. (a) Back plane of a gas turbine GT26 Alstom combustor. The swirlers are not apparent in this
image. Panel a adapted from Eroglu et al. (2009). (b) Injection system comprising two radial swirlers and visualization of the spiraling
motion induced by this unit. Panel b adapted from Penanhoat (2006). (c) Experimental lean premixed injector designed by AVIO. Panel
c adapted from Penanhoat (2006).

a
b

c

p

– 4 –2 0 2 4

Swirler

CH4

PIV FOV y
x

y

114 m
m

85 mm

Air

x

PLIF FOV
Chemi-
luminescence
FOV

Figure 3
Flow structures induced by a swirling injector. (a) Mean flow established by a gas turbine model swirling
injector. The streamlines show the central and outer recirculation regions (Steinberg et al. 2010).
Abbreviations: FOV, field of view; PIV, particle image velocimetry; PLIF, planar laser-induced fluorescence.
(b) Proper orthogonal decomposition applied to the pressure field induced by a swirling injector, revealing
the presence of an m = 2 circumferential mode. Panel b adapted from Wang & Yang (2005). (c) Large eddy
simulation of a swirling flame confined in a cylindrical tube. A temperature isosurface (red ) is used to
represent the flame. A constant pressure isosurface (light blue) reveals the presence of a precessing vortex core
in the injector tube. Panel c courtesy of M. Philip, EM2C, CNRS.

www.annualreviews.org • Dynamics of Swirling Flames 149

A
nn

u.
 R

ev
. F

lu
id

 M
ec

h.
 2

01
4.

46
:1

47
-1

73
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

by
 $

{i
nd

iv
id

ua
lU

se
r.d

is
pl

ay
N

am
e}

 o
n 

01
/0

8/
14

. F
or

 p
er

so
na

l u
se

 o
nl

y.

Instabilités hydrodynamiques hélicoïdales 

Candel et al. ARFM (2014) 



Les écoulements swirlés sont le sièges d’instabilités !
hydrodynamiques qui modifient la combustion!

FL46CH07-Candel ARI 16 November 2013 15:56

a b c

Figure 2
Practical swirling injector arrangements. (a) Back plane of a gas turbine GT26 Alstom combustor. The swirlers are not apparent in this
image. Panel a adapted from Eroglu et al. (2009). (b) Injection system comprising two radial swirlers and visualization of the spiraling
motion induced by this unit. Panel b adapted from Penanhoat (2006). (c) Experimental lean premixed injector designed by AVIO. Panel
c adapted from Penanhoat (2006).
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Figure 3
Flow structures induced by a swirling injector. (a) Mean flow established by a gas turbine model swirling
injector. The streamlines show the central and outer recirculation regions (Steinberg et al. 2010).
Abbreviations: FOV, field of view; PIV, particle image velocimetry; PLIF, planar laser-induced fluorescence.
(b) Proper orthogonal decomposition applied to the pressure field induced by a swirling injector, revealing
the presence of an m = 2 circumferential mode. Panel b adapted from Wang & Yang (2005). (c) Large eddy
simulation of a swirling flame confined in a cylindrical tube. A temperature isosurface (red ) is used to
represent the flame. A constant pressure isosurface (light blue) reveals the presence of a precessing vortex core
in the injector tube. Panel c courtesy of M. Philip, EM2C, CNRS.
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Instabilités hydrodynamiques hélicoïdales 

PVC  (Precessing Vortex Core)  Instabilité tourbillonnaire hélicoïdale 
    souvent observée dans les expériences 
    et les simulations de flammes swirlées 

Dégagement de chaleur 

Tiré de Candel et al. ARFM (2014) 



La réponse acoustique 
des flammes !
dépend fortement de 
leur topologie!

Les écoulements swirlés sont le sièges d’instabilités !
hydrodynamiques qui modifient la combustion!

FL46CH07-Candel ARI 16 November 2013 15:56

a b c

Figure 2
Practical swirling injector arrangements. (a) Back plane of a gas turbine GT26 Alstom combustor. The swirlers are not apparent in this
image. Panel a adapted from Eroglu et al. (2009). (b) Injection system comprising two radial swirlers and visualization of the spiraling
motion induced by this unit. Panel b adapted from Penanhoat (2006). (c) Experimental lean premixed injector designed by AVIO. Panel
c adapted from Penanhoat (2006).
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Figure 3
Flow structures induced by a swirling injector. (a) Mean flow established by a gas turbine model swirling
injector. The streamlines show the central and outer recirculation regions (Steinberg et al. 2010).
Abbreviations: FOV, field of view; PIV, particle image velocimetry; PLIF, planar laser-induced fluorescence.
(b) Proper orthogonal decomposition applied to the pressure field induced by a swirling injector, revealing
the presence of an m = 2 circumferential mode. Panel b adapted from Wang & Yang (2005). (c) Large eddy
simulation of a swirling flame confined in a cylindrical tube. A temperature isosurface (red ) is used to
represent the flame. A constant pressure isosurface (light blue) reveals the presence of a precessing vortex core
in the injector tube. Panel c courtesy of M. Philip, EM2C, CNRS.

www.annualreviews.org • Dynamics of Swirling Flames 149

A
nn

u.
 R

ev
. F

lu
id

 M
ec

h.
 2

01
4.

46
:1

47
-1

73
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

by
 $

{i
nd

iv
id

ua
lU

se
r.d

is
pl

ay
N

am
e}

 o
n 

01
/0

8/
14

. F
or

 p
er

so
na

l u
se

 o
nl

y.

FL46CH07-Candel ARI 16 November 2013 15:56

that exhibit more spatially amplified features. Structures in the inner and outer shear layers are
fully synchronized (Cala et al. 2006, Oberleithner et al. 2011, Stöhr et al. 2011) as they both are
part of the global mode.

The flame impact on the helical mode is not entirely understood. It has been frequently observed
that although the helical mode is present in the nonreacting case, it vanishes in the reacting flow
(Kuenne et al. 2011, Roux et al. 2005, Schildmacher et al. 2006, Schneider et al. 2005, Selle et al.
2004). However, numerous observations indicate that the helical mode is present in the reacting
flow. Recent investigations based on detailed measurements of the reacting flow field and linear
stability analysis strongly suggest that the vanishing of the helical mode in the reacting flow is
a consequence of the density profile (Oberleithner et al. 2013). In a reacting swirling flow, the
annular jet consists of cold reactants, while the inner and outer recirculation zones are filled with
hot combustion products. Analogous to the nonswirling case, a hot core flow promotes global
instability while a cold one damps it (Monkewitz & Sohn 1988).

Although the PVC is an unsteady structure, it is also important for flame stabilization. Because
it is located between the cold reactants in the annular jet and the hot combustion products in the
inner recirculation zone, it aids in anchoring the flame at the burner outlet through increased
mixing (Galley et al. 2011, Stöhr et al. 2011).

6.2. Excitation of the Flame by the Helical Mode
Fluctuations in the flow field associated with the helical mode perturb the flame. Thus the heat
release rate oscillates with the same principal space-time structure as the helical mode, as ob-
served in several experimental investigations. In chemiluminescence images, which provide line-
of-sight integrated information on the fluctuating heat release rate, a transverse oscillation of
the flame under the action of the helical mode is found (Moeck et al. 2012, Paschereit et al.
2000). Planar laser-induced fluorescence or tomographic reconstruction applied to chemilumi-
nescence images allows one to extract the heat–release rate fluctuation field and shows that it is
indeed helical, with discernible structures in the inner and outer shear layers (Moeck et al. 2013;
Stöhr et al. 2011, 2012). This perturbed flame structure can also be retrieved from a G-equation
model (Equation 11) when a velocity field fluctuation of the form of Equation 14 is assumed
(Acharya et al. 2012).

Stöhr et al. (2011, 2012) recently obtained detailed insight into how the helical mode perturbs
the flame through the simultaneous application of planar laser-induced fluorescence of OH and
particle image velocimetry (Figure 17). The rotation of the helical structure is manifested in

y 
(m

m
)

Flame roll-up and increased mixing  

t = 0.2 ms t = 0.4 ms
0

40

30

20

10

t = 0 ms

Figure 17
Image sequence illustrating the interaction of the precessing vortex core with a turbulent swirl flame. Data are obtained from
simultaneous measurements of the velocity field and the OH concentration. Arrows and red dots mark the vortex centers and
stagnation points in the instantaneous flow, respectively. The time interval of 0.4 ms shown corresponds to approximately one-fifth of
the oscillation period. Figure taken from Stöhr et al. (2012).
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Stoehr et al. C&B (2011) 

Moeck et al. C&B (2012) 

Durox et al. PCI (2009) 

film 



3 - Swirler!

1 –Tube !
à flamme!

4 -Plenum!

Flamme et rayons laser LDV!

Zoom sur la vanne de mise en !
rotation de l’écoulement (Swirler)!

2 - Injecteur!

Swirl number : S = 0.55!
Equivalence ratio : ɸ = 0.7!

La réponse acoustique des flammes swirlées dépend de la réponse 
dynamique du swirler!

Palies et al. C&B (2010) 



f = 60 Hz! f = 90 Hz!

  

Q̇(Wm�3)

18.107

10.107

  

2.107 Flame A : Ub = 2.67 m/s!

Fonction de Transfert de 
Flamme (FTF)!



60 Hz!

Measurements of velocity signals at the base of the flame 
indicate that at 60 Hz signals are out of phase.!

Out of phase signals!

Strong !
fluctuations!

Oscillations du nombre de swirl!

Swirl number oscillations are accompanied by oscillations of the flame 
angle. This condition corresponds to a local FTF minimum !



90 Hz!

Measurements of velocity signals at the base of the flame 
indicate that at 90 Hz signals are nearly in phase.!

Signals in phase!

     Reduced fluctuation level!

When swirl number oscillations are reduced, oscillations of the flame angle 
are also reduced and this corresponds to a local FTF maximum !

Oscillations du nombre de swirl!



La relation de dispersion et les taux de 
croissance des perturbations dépendent 
de l’amplitude!

FDF: Flame transfer function!
depends on input amplitude!

Waveguide!
microphone!

Cycle limite galopant!Cycle limite stable!

(B) Les flammes ont des réponses fortement non-linéaires  
dont il faut tenir compte  

Des modes instables à des fréquences différentes peuvent interagir et 
éventuellement coexister. La dynamique de ces systèmes ne peut être 
décrite par des approches uniquement fréquentielles.  
  

Boudy et al. GT2012-68998 

Films 



(C) Les foyers réels ont des géométries annulaires avec 
des injecteurs régulièrement distribués autour d’un axe 

Flammes turbulentes  
swirlées en M 

Matrix 
burners 

Flammes turbulentes  
swirlées en V 

Flammes coniques laminaires  
stabilisées par des grilles 



Un guide d’onde est situé à égale distance entre deux injecteurs pour 
mesurer la pression acoustique dans le foyer 

Upstream  
plenum 

Combustion  
chamber 

Cylindrical  
concentric 
quartz tubes 

Sixteen 
injectors Chamber  

backplane 

Matrix 
burner 

40 cm 

Foyer annulaire MICCA du laboratoire EM2C équipé d’injecteurs  
matriciels permet de stabiliser des flammes laminaires 
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Part III - Experimental results and comparison with model

169

7.3 Annular chamber modes characterization

7.3.1 Stability map of the annular combustor

Under lean conditions � < 0.7, the flames are long, quiet and strongly detached
from the matrix injectors and the system is essentially stable. When the equiv-
alence ratio is increased, the flames get closer and closer to their respective
injectors and as soon as a few flames attach to their burners three or four, the
annular chamber exhibits strong longitudinal thermo-acoustic oscillations. For
an equivalence ratio � > 0.8 and bulk velocities ub > 1m.s�1, the flames are all
attached to their injectors and the combustor is always unstable. For most of
the flow conditions, a complex low frequency chugging mode is observed, but,
by setting the gas and air flow rates at certain values, some distinct oscillation
modes can be found. The chugging mode is not examined in this chapter.
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Figure 7.4: Unstable modes observed in the annular combustion chamber as a func-
tion of equivalence ratio � and bulk flow velocity u

b

. Symbols show the boundaries
of the different oscillation regimes. Specific unstable modes are observed inside the
domains colored in grey. The chugging mode is plotted only for illustrative purposes
because the limits of this mode could not be clearly identified.

The different unstable modes are mapped in Fig. 7.4 as a function of the equiv-
alence ratio � and bulk flow velocity ub. The distinct zones are obtained by
setting the air and gas flow rates at a condition where the combustor becomes
unstable. Then the air or gas flow rate is increased or decreased until the
instability switches to the chugging mode. Four limit conditions are there-
fore obtained and represented by symbols which are linked by dotted lines to
highlight the domains corresponding to the different unstable regimes. Due
to hysteresis of the system, the chugging mode can also be found in regions
corresponding to the four other modes. The “slanted” and spinning modes are
particularly sensitive to thermal conditions and can only be observed when the
combustor has been running for about ten minutes. An unusual “slanted” mode
is manifested in the form of a stable azimuthal mode with small amplitudes in
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Les foyers annulaires présentent une grande variété d’instabilités couplés  
par des modes azimutaux et longitudinaux 

Bourgouin et al. PCI (2014) 
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Vidéo (25 images/s) du foyer lorsque le mode instable présente une structure 
inclinée selon la direction azimutale 

� = 1.14 and ub = 1.33m.s�1

Slanted combustion instability (450 Hz) 
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Foyer annulaire MICCA du laboratoire EM2C équipé d’injecteurs  
swirlés permettant de stabiliser des flammes turbulentes 

Bourgouin et al. GT2013-95010 



CONCLUSION!
!
1 Les instabilités de combustion couplées par 
l’acoustique sont endémiques des foyers à 
hautes performances.!
!
2 Il n’existe pas (encore) de méthode de prévision 
de ces phénomènes efficace sur des installations 
pratiques. Seules des solutions palliatives sont 
actuellement  mises en œuvre.!
!
!
!
3 Améliorer les performances des systèmes de combustion nécessite 
d’améliorer notre connaissance des phénomènes de base.!
!
4 Les diversité des phénomènes dynamiques à traiter nécessite des moyens 
expérimentaux importants combinés à des outils de simulation et des 
capacités de calcul haute performance.!
!
5 Le développement d’outils de prévision utiles à l’ingénieur lors de la conception 
nécessite d’améliorer les approches systèmes qui tiennent compte de 
géométries réalistes, de la topologie de l’écoulement, d’injecteurs multiples, 
et des interactions conjuguées entre l’acoustique, l’écoulement et la combustion.!
!
!


