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Annular combustor dynamics constitutes  a 
central issue in many current applications 

Annular combustor dynamics 

Annular combustors are used in many  
practical systems like jet engines and  
gas turbines 
 
In these devices combustion 
oscillations may be coupled by 
azimuthal modes 
 
Because the diameter is the largest  
dimension, these modes occur in the lower 
frequency where the flames established in  
the chamber are most susceptible to  
perturbations  
 
These low frequency modes are also less  
well damped than the longitudinal modes 
 
This type of coupling raises scientific  
and technical issues GE-Snecma CFM56 Alstom gas turbine 
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Overview of swirling flame dynamics research  

Single  
injector 
systems 

Theory 
Simulations 
Experiments 
 
Very 
large number 
of investigations 

Relatively 
large  
number 

Annular 
systems 
with multiple 
injectors 

Theory Simulations 

A few  
recent 
simulations 

Very few  
model scale 
experiments 
 

Experiments 

Y. Huang, V. Yang, Progress in Energy and Combustion Science 35 (4) (2009) 293–364. Dynamics and stability of lean-premixed swirl-stabilized 
combustion. 

L. Gicquel, G. Staffelbach, T. Poinsot, Progress in Energy and Combustion Science 38 (6)(2012) 782–817. Large Eddy Simulations of gaseous 
flames in gas turbine combustion chambers. 

EM2C 

EM2C 

T. C. Lieuwen, V. Yang (eds.), Combustion instabilities in gas turbines, Vol. 210 of Progress in Astronautics and  
Aeronautics, American Institute of Aeronautics and Astronautics, Inc., 2005. 

S. Candel, D. Durox, T. Schuller, J.F. Bourgouin and J. Moeck (2014) Annual Review of Fluid Mechanics. 46, 147-173. Dynamics of swirling 
flames.  

EM2C 

Annular geometry 

Multiple swirled injectors 

Liquid phase injection  
(kerosene /air) 
High pressure 

Annular geometry 

Multiple swirled injectors 

Premixed (propane/air) 

Atmospheric pressure 

CFM 56 turbofan Annular combustor MICCA2 

Real systems and laboratory scale annular combustors  

Annular chamber 

Annular geometry 

Multiple swirled injectors 

Liquid injection (heptane/air) 

Atmospheric pressure 

Annular combustor MICCA-Spray 
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MICCA: Premixed C3H8/Air!
Bourgouin, JF, Durox, D, Schuller, T, Beaunier, J, Candel, S (2013) 
Ignition dynamics of an annular combustor equipped with multiple 
swirling injectors, Combust Flame 160, pp. 1398-1413.!
	

N. A. Worth and J.R. Dawson (2013) Proc. of the Combust. Inst. 34, 
3127-3134. Self-excited circumferential instabilities in a model annular gas 
turbine combustor: global flame dynamics. 

 

 Two driver units modulate the flow 
 Hot wire retrieves the velocity fluctuation  
 Photomultiplier records the heat release  
rate fluctuation 

FDF measurements 

Noiray, N., Durox, D., Schuller, T., & 
Candel, S. (2008). A unified framework for 
nonlinear combustion instability analysis 
based on the flame describing function. 
Journal of Fluid Mechanics. 615, 139-167.  

+ OH* filter 
Q̇0

Acoustic!
Feedback!

Flow! Combustion!Quartz 
tube 
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Transfer 
function  
tayloring 

FDF 
measurements 

Theoretical 
framework 

Changes in the flame shape 
induce modifications of the 
flame response 

Geometrical 
modifications of 

the injector 

MICCA-Spray 
Single burner: 

flame dynamics 
Experimental 
observations 

Instability data 

		

SICCA-Spray set up 

Experimental methodology 

Injectors feature in this experiment 
an exhaust cup and the flames  
spread in the lateral direction 

The MICCA annular combustor 

MICCA annular combustor fed  by premixed air and propane 
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C3H8 +Air

Swirleurs 
radiaux 

Da = 0.05m

Dm = 0.35m

plenum plenum 16 injectors 

Radial 
swirlers 

Experimental setup 

Detailed view 
of a swirler 

Five microphones Pr1 to Pr5 
An intensified high speed CCD camera 

Pr1 
Pr2 

Pr4 

Pr3 

Pr5 
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Five microphones Pr1 to Pr5 
An intensified high speed CCD camera 

Pr1 
Pr2 

Pr3 

Pr4 

Pr5 

Experimental setup 
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Annular systems with multiple matrix 
injectors (MICCA 3) 
Summary points 

Swirling injectors  Matrix injectors  

Harmonic modes are governed by a 
Helmholtz equation 

Purely azimuthal modes 

Modal structures in annular systems  
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Purely longitudinal modes 

Mixed modes 

Open boundary 

Rigid 
wall 

Temperature 
field 

1L0A 
fnum = 280 Hz 
fexp = 252 Hz 

2L0A 
f = 470 Hz 

1L1A 
fnum = 769 Hz 
fexp = 792 Hz 

1L0A 
f = 280 Hz 

1L1A 
f = 769 Hz Temperature 

Modal  
identification 

The mode 1L0A 
approximately  
corresponds  
to m=1, n=0  

The mode 1L1A 
approximately  
corresponds 
to m=1,n=1 

fnum=470 Hz 
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Power spectral density 

Microphone signals 

Longitudinal mode 1L0A 
(f=252 Hz) 

s = -1: rotating mode in the clockwise direction 
s = 0: standing mode 
s = 1: rotating mode in the counterclockwise direction 

First azimuthal mode (1A) 
The pressure field is a sum of two waves rotating in the 
counterclockwise and clockwise directions 

S. Evesque, W. Polifke and C. Pankiewitz (2003) Spinning and azimuthally standing acoustic modes 
In annular combustors. AIAA Paper 2003-3182.  

This spin ratio differs from that introduced by Evesque et al.(203) 

Standing (s=0) Spinning (s=1) 
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Standing mode Rotating mode 

Pressure signal reconstruction and spin ratio determination 

Symbols : experimental data,                     Continuous lines : reconstructed signals 

The wave amplitudes a and b can be determined from microphone data 

Pr 3 

Pr 2 

Pr 4 

Pr 5 

Pr 1 

Standing mode 

The spin ratio is close to zero. This 
corresponds to a standing mode 
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Standing mode 

J.F. Bourgouin, D. Durox, T. Schuller, J. Moeck and S. Candel (2013) ASME Paper GT 2013-95010. Self-sustained Instabilities 
in an Annular Combustor Coupled by Azimuthal and Longitudinal Acoustic Modes.!

Flame dynamics coupled by the 1A1L mode at a frequency f=792 Hz 

The spin ratio is close to one. The mode 
rotates in the counterclockwise direction 

Pr 3 

Pr 2 

Pr 4 

Pr 5 

Pr 1 Instability coupled by a rotating 
mode 1A1L at a frequency of 
 f=792 Hz 
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(spinning)	

spinning	 standing	

s	=	+	1	or	-1:	spinning	
s	=	0:	standing		

	(standing)	
J.F. Bourgouin, D. Durox, T. Schuller, J. Moeck and S. Candel (2013) ASME 
Paper GT 2013-95010. Self-sustained Instabilities in an Annular Combustor Coupled 
by Azimuthal and Longitudinal Acoustic Modes.!

Continuous switching from a quasi-spinning mode to a standinging mode  

P. Wolf, G. Staffelbach, L.Y.M. Gicquel, J.D Muller and T. Poinsot (2012) Combust. Flame 159, 3398- 
3413. Acoustic and large eddy simulation of azimuthal modes in annular combustion chambers. 

G. Staffelbach, L.Y.M. Gicquel, G. Boudier and T. Poinsot (2009) Proc. Combust. Inst. 32, 2909-2916.  
Large Eddy Simulation of self-excited azimuthal modes in annular combustors. 

A calculated rotating mode in a gas turbine combustor 
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P. Wolf, G. Staffelbach, L.Y.M. Gicquel, J.D Muller and T. Poinsot (2012) Combust. Flame 159, 3398- 
3413. Acoustic and large eddy simulation of azimuthal modes in annular combustion chambers. 

P. Wolf, G. Staffelbach, A. Roux, L. Gicquel, T. Poinsot and  and V. Moureau (2009) C.R. Meca. 337,  
385-394. Massively parallel LES of azimuthal thermo-acoustic instabilities in annular combustors. 

N. A. Worth and J.R. Dawson (2013) Proc. of the Combust. Inst. 34, 3127-3134. Self-excited circumferential 
instabilities in a model annular gas turbine combustor: global flame dynamics. 

Figure 1: Photograph and schematic of the annular combustion chamber.

grids for both flow conditioning and acoustic damping.
A hemispherical body of diameter Dh = 140 mm was
positioned inside the plenum to converge the flow at
the entrance to each of the inlet tubes. Each inlet tube
was 150 mm long with an inner diameter of D = 18.9
mm and was fitted with a centrally located conical blu⇥-
body of diameter Dbb = 13 mm with a half angle of 45⇤
resulting in a blockage ratio of 50% at the inlet to the
annular combustion chamber. The blu⇥ bodies were ar-
ranged around a circle of radius R = 85 mm, as shown
in fig. 2, and fixed between upper and lower plates such
that they were flush with the annular combustion cham-
ber.

To investigate the e⇥ect of flame spacing three sets
of upper and lower plates were manufactured with the
same circumference to hold either 12, 15 or 18 evenly
spaced blu⇥ bodies. Since the speed of sound, c, is fixed
by the flame temperature, the circumference was kept
constant to fix the azimuthal acoustic length of the an-
nulus enabling the e⇥ect of flame spacing on the excited
modes to be investigated. Three flame separation dis-
tances S = 1.56D, 1.87D and 2.33D, where S is defined
as the arc distance between the blu⇥-body centres and D
is the inner diameter of the inlet tube were investigated.

Details of the swirler design and swirl configura-
tions investigated are shown in fig. 2. The swirler
consisted of six � = 60⇤ aerodynamically profiled
vanes positioned 10mm upstream of the blu⇥ body.
The swirl number based on the swirler dimensions
was � = 1.22 according to the expression � =

2
3 tan�

�
1 � (di/do)3 /1 � (di/do)2

⇥
, and di and do are the

inner and outer swirler diameters. Two di⇥erent swirl
configurations were investigated as shown fig. 2. The
first configuration was uniform anti-clockwise (ACW)
swirl with each blu⇥ body equipped with the same
swirler. Importantly, this configuration induces a bulk
swirling flow at each of the annular walls but in oppo-
site directions as denoted by the large arrows in the fig-
ure. In the second configuration consecutive blu⇥ bod-
ies around the annulus are fitted with swirlers of alter-
nating direction to eliminate any bulk swirl.

The annular enclosure comprised of two concentric
stainless steel tubes with the inner and outer annuli be-
ing 127 mm and 212 mm in diameter respectively. The
outer annulus could also be modified to accommodate
a quartz tube as shown in the photograph in fig. 1. A
parametric study was initially carried out to find self-
excited circumferential modes with the salient results
summarised in §2.3.

2.2. Operating conditions and instrumentation

Reactant flow rates were controlled using four Ali-
cat Mass mass flow controllers, two for C2H4 and air
respectively. The mass flow controllers are accurate to
0.8% of the reading plus 0.2% of the full scale. A con-
stant bulk velocity of 18 m/s was maintained at the exit
of each of the blu⇥-body corresponding to a Reynolds
number of 1.5 ⇥ 104 based on blu⇥-body diameter. Hot
wire measurements were made at 4 quadrant locations
to verify flow uniformity. By varying the number of

3
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N. A. Worth and J.R. Dawson (2013) Proc. of the Combust. Inst. 34, 3127-3134. Self-excited 
circumferential instabilities in a model annular gas turbine combustor: global flame dynamics. 

Long injection 
tubes, stabilization 
by a bluff body, low 
swirl. Variable 
spacing  

Heat release rate fluctuations (standing azimuthal mode) 

Pressure fluctuation distribution in the chamber  
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Heat release rate 
fluctuations (standing 
azimuthal mode) 

Pressure fluctuation 
distribution in the 
chamber  

Heat release rate 
fluctuations (standing 
azimuthal mode) 

Pressure fluctuation 
distribution in the 
chamber  

Work in progress MICCA3 

MICCA3	Experimental	setup	

To better understand what determines the structure of the azimuthal 
modes, it is interesting to work on an annular chamber operating with 
simpler flames than turbulent flames.This is done here by making use 
of matrix injectors formed by perforated plates.  
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Laminar	conical	flames	stabilised	on	a	single	
matrix	burner	

Upstream  
plenum 

Combustion  
chamber 

Cylindrical  
concentric 
quartz tubes 

Sixteen 
injectors Chamber  

backplane 

Matrix 
burner 
 

0.40 m 

MICCA3	with	laminar	matrix	injectors	

Waveguide outlet 
 

and chamber. An analytical expression is derived for this phase
shift in section 5 and compared with experiments. The flame de-
scribing function of a single matrix burner is presented in section
6 and used to predict the unstable behavior of the system.

EXPERIMENTAL SETUP

dm = 0.35m

lt = 0.2m

z

Outer quartz tube

Inner quartz tube

Plenum

FIGURE 1. Top: Photograph of the MICCA combustor and detailed
view of the matrix injectors. A waveguide outlet is located at equal
distances from the two injectors. Bottom: Schematic representation of
the experimental setup.

The annular setup MICCA shown in Fig. 1 comprises an
upstream plenum, a combustion chamber made of two cylin-
drical concentric quartz tubes and sixteen injectors mounted on
the flange which separates the plenum from the chamber and

constitutes the chamber backplane. The diameters of the inner
and outer quartz tubes are 300 mm and 400 mm respectively. In
the present experiments the two cylindrical walls have the same
length lt = 200mm in distinction with previous studies [21–23]
where the inner tube had to be shorter than the outer one to obtain
azimuthal thermo-acoustic instabilities.

The propane/air mixture delivered by a premixing unit is
conveyed to an annular plenum through eight channels which are
plugged on the internal sides of this cavity. A view of the feeding
lines is given in [23]. Gases in the plenum are exhausted through
sixteen injectors and react in the combustion chamber. Each in-
jector consists of a perforated plate made of brass, comprising 89
holes of diameter dp = 2mm. The plate thickness is 6mm. The
backplane, supporting the injectors, is cooled by a water flow.
The chamber walls are made of quartz allowing optical access
to the flame and transmitting light radiation in the near ultravi-
olet and visible ranges thus providing a full visualization of the
combustion region.

Microphones can be placed in the eight positions MP1 to
MP8 in the plenum (Fig. 2) or in eight other locations in the
backplane of the combustion chamber corresponding to MC1
to MC8 fixed on waveguides (Fig. 2). The pressure taps are
installed on the annular chamber backplane, at equal distances
from two injectors. Each waveguide is composed of a straight
metallic tube crossing the plenum and terminated by a 25 m flex-
ible tube closed at its extremity. A microphone is flush mounted
perpendicular to the wave duct, at 170 mm from the chamber
back plane. The microphone is located close to the injector com-
pared to the length of the whole system, and one can assume
that the amplitude recorded by the sensor is a good approxima-
tion of the pressure in the chamber near the waveguide outlet.
The distance between the zone of interest and the microphone
position defines a time lag tm�b = 0.5ms. This time is not neg-
ligible compared to the period of the instabilities observed in the
present study (2 ms). This time has to be determined accurately
to ensure a precise synchronization between the acoustic pres-
sure signals in the chamber and the heat release rate records but
also to establish a possible phase shift between pressure signals
in the chamber and in the plenum. It is therefore interesting to
study the sensitivity of the delay tm�b to the temperature. One
can neglect heat convection in the tube because it is closed at
its end. Therefore, the metallic waveguide channels are only
heated up by conduction but this effect is lowered by the cool-
ing of the combustor backplane. The waveguides, that cross the
plenum, are also cooled down by the impact of the feeding line
jets exhausted in the plenum. It can be inferred that the waveg-
uide mean temperature does not rise by more than 10% and that
the delay tm�b does not increase by more than 5%. The uncer-
tainty in the phase shift at 500 Hz between plenum and chamber
microphone signals is correspondingly limited to 0.08 rad. In
the present experiment, not all pressure taps are used with only
four microphones to measure pressure fluctuations in the plenum

4 Copyright c� 2014 by ASME

Top view 
showing waveguide microphone taps (MC) and 

plenum microphone locations  (MP) 

Cut through annular chamber 

16 perforated plates 
thickness 6 mm 
89 holes, diameter 2mm 
on a square mesh of 3 mm 

8 feeding lines 

Experimental setup 

Mp(2:3)

High speed!
camera

Symmetric line

Camera

Mc(3:4)

Mc(7:8)

Mp(6:7)

Mc(11:12)

Mp(10:11) Mc(15:16)

Mp(14:15)

θ
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2

3
456

7

8

10

11
14

15

16

9

12 13

Figure 2: Schematic of the top view of the experimental setup with the positions of the
microphones used in the study and with the positions of the cameras. The dashed line
corresponds to the symmetry axis of the flame structure observed during the experiments
presented in this article.

22

Quartz 
tube 

l = 0.2 m 

di = 0.3 m 

de = 0.4 m 

Perforated 
plate 

Plenum 

C3H8+Air 

Symmetry line 

Camera 

High speed 
camera 
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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.

1.5 2 2.5
0.6

0.8

1

1.2

u
b
 (m.s−1)

φ

 

 

Chugging
Standing
Slanted
Spinning
Longi

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

Azimuthal	coupling	modes	

Slanted 
35thSymposium 

Spinning 
(486 Hz) 

Standing 
(495 Hz) 

Spinning 
ASME 
GT2014-25067 

Standing 
N3L Meeting 
Munich 
June 18-21, 2013 

Bulk velocity 

Axial 
(320 Hz) 

DD JFB TS JM SC 

Experiments in MICCA 2 annular combustor with matrix 
Injectors (spinning, standing, slanted modes) 
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Close to the nodal line, the flames move with a small amplitude of vibration. At 
90° from this line, the flames oscillate vigorously, and they are blown-off on their 
periphery.  

Standing azimuthal mode 

Slightly different conditions 

Standing mode 

� = 1.11v0 = 2.12 m s�1

Phase average of the oscillation, from the images recorded by the intensified high 
speed camera at 12500 fr/s. Images are plotted in false color 

� = 1.11v0 = 2.12 m s�1

Standing azimuthal mode 



25/05/2019	

18	

Injector close to the nodal line 

High speed film : 12500 frames/s 

Nodal Line

Standing azimuthal mode 

Injector at 90° from the nodal line 

High speed film : 12500 frames/s 

Nodal Line

Standing azimuthal mode 
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Injector between the nodal line and the orthogonal 
location 

High speed movie : 12500 frames/s 

Nodal Line

Standing azimuthal mode 
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ASME TurboExpo, June,16-20, 2014, Düsseldorf, Germany. 

Pressure signals recorded by microphones in the chamber (top) and in the plenum 
(bottom) for the spinning mode!

3
9 

Chamber	

Plenum	

MC3

MC2

MC1

MC8

MC7

MC6

MC5

MC4

MP2

MP1

MP8

MP7MP6

MP5

MP4

MP3

H1

H7

✓

FIGURE 2. Schematic of the top view of the experimental setup with
microphone and photomultiplier measurement locations indicated.

and four others to record fluctuations in the combustion chamber.
The microphone positions will be given later on. This allows a
detailed modal analysis of the pressure field inside the plenum
and the combustion chamber.

The annular chamber is ignited by one electrode inducing a
spark of around 25 mJ with a repetition period of 10 ms. The
electrode, which is introduced from the top, is removed when
the chamber is fully ignited to improve the system symmetry at
steady state.

Images of the global flame dynamics are recorded by an in-
tensified CMOS camera APX-i2 (512 ⇥ 256px2) providing an
8-bit resolution in grey level. To get a complete picture of the an-
nular chamber, the camera is equipped with a Nikon 35-200 mm
zoom lens. The camera is set 1 m higher than the position of
the chamber backplane and at 3.5 m from the center of the com-
bustion chamber. The frame rate and shutter duration are respec-
tively set at 12500Hz and 79 µs. The camera is also equipped
with timing circuits that provide a synchronization signal used to
link images and pressure signals. The amplifier gain of the cam-
era remains constant in all experiments discussed in this study.
The camera is sensitive to radiation in the visible and UV ranges
down to 200 nm. However, the UV radiation is filtered by the
glass lenses of the camera. The light intensity recorded by the
camera is dominated by the emission of excited species in the
visible domain, mainly originating from CH⇤ and C⇤

2 radicals.
The color of the premixed flame is light blue and, for an equiv-
alence ratio up to f = 1.1 soot production is negligible. Images
recorded by this device can therefore be interpreted as represen-

tative of the instantaneous heat release rate [29].
Two photomultipliers, equipped with an OH⇤ filter record

time resolved heat release rate signals. The two photomultipliers
(H1 and H7) are arranged as shown in Fig. 2. Masks are posi-
tioned in the inner quartz tube and at the sides of the photomul-
tiplier to block the light emitted by the other flames.

EXPERIMENTAL RESULTS
For a bulk velocity ub = 1.49m.s�1 in each tube of the ma-

trix burners and an equivalence ratio f = 0.96, the system fea-
tures a well established spinning azimuthal mode at a frequency
fsp = 498 Hz. The spinning mode can be maintained for a few
minutes if the flow conditions are not altered. During operation,
clockwise and counter-clockwise modes are observed at the same
flow conditions. The rotation direction of the azimuthal mode de-
pends on the initial conditions, but, when a mode is rotating in
one direction, this persists as long as the operating conditions are
fixed. This is perfectly consistent with theoretical results based
on a simplified rotationally symmetric model [9, 12]. To obtain
a spinning mode which rotates in the other direction, flow con-
ditions have to be modified, by changing the bulk velocity or
the equivalence ratio until the mode vanishes. Then, the flow
is brought back to the original conditions (ub = 1.49m.s�1 and
f = 0.96) and the spinning mode emerges and may rotate in the
other direction. Several tries are sometimes needed to get the de-
sired rotation direction but the system does not seem to feature a
prevalent rotation direction. A counter-clockwise spinning mode
is examined in what follows.

In the plenum, the four microphones record an established
sinusoidal signal with a peak amplitude of 250 Pa (Fig. 3). The
phase shifts between the two microphone signals correspond to
their relative positions. For instance, MP1 and MP3 have respec-
tive azimuthal angles of 0 and p/2 (Fig. 2) and their microphone
signals have a temporal phase shift of p/2. It is also interest-
ing to note that the pressure anti-node is moving in the counter-
clockwise direction for this record. In the chamber (Fig. 3 top),
the four microphones record periodic signals at the same fre-
quency but at a lower amplitude, around 65 Pa. The correspond-
ing signals are similar at the four positions and the pressure wave
is still propagating in the counter-clockwise direction. However,
the pressure signals recorded in the chamber are not purely sym-
metric relative to the ambient mean pressure indicating the pres-
ence of harmonics.

The flame dynamics can also be discussed by analyzing
phase averages of images recorded by the camera (Fig. 4). The
area of the flames where the heat release rate is maximum ap-
pears in yellow/white in Fig. 4 and is located in the vicinity of
the perforated injection plates. The maximum of heat release
rate also rotates uniformly in the counter-clockwise direction.

The unsteady chamber pressure and heat release rate signals
plotted in Fig. 5 correspond to the spinning mode. The gain of
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FIGURE 4. Phase average of 1000 images recorded by the ICMOS camera for the spinning mode f = 0.96 and ub = 1.49m.s�1. The direction of
reading is from left to right and from top to bottom.

1000 1002 1004 1006 1008 1010

−100

−50

0

50

100

150

Time (ms)

P
re

ss
u

re
 (

P
a

)

 

 

MC1 MC3 MC5 MC7

1000 1002 1004 1006 1008 1010
−400

−200

0

200

400

Time (ms)

P
re

ss
u

re
 (

P
a

)

 

 

MP1 MP3 MP5 MP7

FIGURE 3. Pressure signal recorded by microphones in the chamber
(top) and in the plenum (bottom) for the spinning mode obtained at f =
0.96 and ub = 1.49m.s�1.

the two photomultipliers is settled to have the same value of the
mean signal. The phase shift between the photomultiplier signals
H1 and H7 is 1.58 rad being close to the theoretical value p/2.
The phase shift between the photomultiplier and microphone sig-
nals has a finite value around p/4 rad (yH1�MC1 = 0.79 rad and
yH7�MC7 = 0.75 rad). These values indicate that the Rayleigh
source term is positive (i.e. that the flames feed energy in the
acoustic mode) because the phase differences are in the range
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FIGURE 5. Pressure and photomultiplier signals corresponding to a
spinning mode for a bulk velocity ub = 1.49m.s�1 and an equivalence
ratio f = 0.96. In black: microphone signals MC1 and MC7 in the
chamber. In red: photomultipliers signals H1 and H7.

[�p/2, p/2], however, this phase shift is large when compared
to values obtained for example in the swirl configurations [23].
The phase shift between the pressure and heat release rate fluc-
tuations tends to reduce the driving source term

R
V q0p0dV and

therefore plays an important role in the establishment of the limit
cycle [30].

It is next interesting to examine the variability in the nodal
line position. Around 131000 phase angles, representing more
than 2000 cycles, have been grouped into 64 equal intervals to
determine the histogram of the nodal line angular position for
the spinning mode shown in Fig. 6. This histogram is obtained
reproducibly from data corresponding to repeated experiments
indicating that the result is statistically stable. For an ideal spin-
ning mode, the nodal line rotates uniformly at the frequency of
the mode and the associated histogram is a constant function. In
the experimental histogram of the nodal line angle, the frequency
at which the different modes are obtained is not uniform, espe-
cially in the chamber. Two peaks emerge for the angles 0.48 rad
and -1.21 rad and the separation is not too far from p/2. There
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FIGURE 2. Schematic of the top view of the experimental setup with
microphone and photomultiplier measurement locations indicated.

and four others to record fluctuations in the combustion chamber.
The microphone positions will be given later on. This allows a
detailed modal analysis of the pressure field inside the plenum
and the combustion chamber.

The annular chamber is ignited by one electrode inducing a
spark of around 25 mJ with a repetition period of 10 ms. The
electrode, which is introduced from the top, is removed when
the chamber is fully ignited to improve the system symmetry at
steady state.

Images of the global flame dynamics are recorded by an in-
tensified CMOS camera APX-i2 (512 ⇥ 256px2) providing an
8-bit resolution in grey level. To get a complete picture of the an-
nular chamber, the camera is equipped with a Nikon 35-200 mm
zoom lens. The camera is set 1 m higher than the position of
the chamber backplane and at 3.5 m from the center of the com-
bustion chamber. The frame rate and shutter duration are respec-
tively set at 12500Hz and 79 µs. The camera is also equipped
with timing circuits that provide a synchronization signal used to
link images and pressure signals. The amplifier gain of the cam-
era remains constant in all experiments discussed in this study.
The camera is sensitive to radiation in the visible and UV ranges
down to 200 nm. However, the UV radiation is filtered by the
glass lenses of the camera. The light intensity recorded by the
camera is dominated by the emission of excited species in the
visible domain, mainly originating from CH⇤ and C⇤

2 radicals.
The color of the premixed flame is light blue and, for an equiv-
alence ratio up to f = 1.1 soot production is negligible. Images
recorded by this device can therefore be interpreted as represen-

tative of the instantaneous heat release rate [29].
Two photomultipliers, equipped with an OH⇤ filter record

time resolved heat release rate signals. The two photomultipliers
(H1 and H7) are arranged as shown in Fig. 2. Masks are posi-
tioned in the inner quartz tube and at the sides of the photomul-
tiplier to block the light emitted by the other flames.

EXPERIMENTAL RESULTS
For a bulk velocity ub = 1.49m.s�1 in each tube of the ma-

trix burners and an equivalence ratio f = 0.96, the system fea-
tures a well established spinning azimuthal mode at a frequency
fsp = 498 Hz. The spinning mode can be maintained for a few
minutes if the flow conditions are not altered. During operation,
clockwise and counter-clockwise modes are observed at the same
flow conditions. The rotation direction of the azimuthal mode de-
pends on the initial conditions, but, when a mode is rotating in
one direction, this persists as long as the operating conditions are
fixed. This is perfectly consistent with theoretical results based
on a simplified rotationally symmetric model [9, 12]. To obtain
a spinning mode which rotates in the other direction, flow con-
ditions have to be modified, by changing the bulk velocity or
the equivalence ratio until the mode vanishes. Then, the flow
is brought back to the original conditions (ub = 1.49m.s�1 and
f = 0.96) and the spinning mode emerges and may rotate in the
other direction. Several tries are sometimes needed to get the de-
sired rotation direction but the system does not seem to feature a
prevalent rotation direction. A counter-clockwise spinning mode
is examined in what follows.

In the plenum, the four microphones record an established
sinusoidal signal with a peak amplitude of 250 Pa (Fig. 3). The
phase shifts between the two microphone signals correspond to
their relative positions. For instance, MP1 and MP3 have respec-
tive azimuthal angles of 0 and p/2 (Fig. 2) and their microphone
signals have a temporal phase shift of p/2. It is also interest-
ing to note that the pressure anti-node is moving in the counter-
clockwise direction for this record. In the chamber (Fig. 3 top),
the four microphones record periodic signals at the same fre-
quency but at a lower amplitude, around 65 Pa. The correspond-
ing signals are similar at the four positions and the pressure wave
is still propagating in the counter-clockwise direction. However,
the pressure signals recorded in the chamber are not purely sym-
metric relative to the ambient mean pressure indicating the pres-
ence of harmonics.

The flame dynamics can also be discussed by analyzing
phase averages of images recorded by the camera (Fig. 4). The
area of the flames where the heat release rate is maximum ap-
pears in yellow/white in Fig. 4 and is located in the vicinity of
the perforated injection plates. The maximum of heat release
rate also rotates uniformly in the counter-clockwise direction.

The unsteady chamber pressure and heat release rate signals
plotted in Fig. 5 correspond to the spinning mode. The gain of
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FIGURE 4. Phase average of 1000 images recorded by the ICMOS camera for the spinning mode f = 0.96 and ub = 1.49m.s�1. The direction of
reading is from left to right and from top to bottom.
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FIGURE 3. Pressure signal recorded by microphones in the chamber
(top) and in the plenum (bottom) for the spinning mode obtained at f =
0.96 and ub = 1.49m.s�1.

the two photomultipliers is settled to have the same value of the
mean signal. The phase shift between the photomultiplier signals
H1 and H7 is 1.58 rad being close to the theoretical value p/2.
The phase shift between the photomultiplier and microphone sig-
nals has a finite value around p/4 rad (yH1�MC1 = 0.79 rad and
yH7�MC7 = 0.75 rad). These values indicate that the Rayleigh
source term is positive (i.e. that the flames feed energy in the
acoustic mode) because the phase differences are in the range
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FIGURE 5. Pressure and photomultiplier signals corresponding to a
spinning mode for a bulk velocity ub = 1.49m.s�1 and an equivalence
ratio f = 0.96. In black: microphone signals MC1 and MC7 in the
chamber. In red: photomultipliers signals H1 and H7.

[�p/2, p/2], however, this phase shift is large when compared
to values obtained for example in the swirl configurations [23].
The phase shift between the pressure and heat release rate fluc-
tuations tends to reduce the driving source term

R
V q0p0dV and

therefore plays an important role in the establishment of the limit
cycle [30].

It is next interesting to examine the variability in the nodal
line position. Around 131000 phase angles, representing more
than 2000 cycles, have been grouped into 64 equal intervals to
determine the histogram of the nodal line angular position for
the spinning mode shown in Fig. 6. This histogram is obtained
reproducibly from data corresponding to repeated experiments
indicating that the result is statistically stable. For an ideal spin-
ning mode, the nodal line rotates uniformly at the frequency of
the mode and the associated histogram is a constant function. In
the experimental histogram of the nodal line angle, the frequency
at which the different modes are obtained is not uniform, espe-
cially in the chamber. Two peaks emerge for the angles 0.48 rad
and -1.21 rad and the separation is not too far from p/2. There
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Pressure and photomultiplier signals corresponding to a spinning mode for a bulk velocity  
ub = 1.49 m.s−1 and an equivalence ratio φ = 0.96. 
 
In black: microphone signals MC1 and MC7 in the chamber. 
In red: photomultipliers signals H1 and H7. 
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FIGURE 6. Histogram of the nodal line angular position for the waves
in the plenum and in the chamber for a spinning mode. The vertical
black lines represent the injector azimuthal positions.

is no apparent reason for this and we assume that it is a coinci-
dence. This shows that a purely spinning mode may arise even
if the system is not perfectly symmetric, but the asymmetry is
admittedly small.
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FIGURE 7. Histogram of the nodal line for the spinning mode.

Figure 7 shows the instantaneous angular location of the
nodal line for the acoustic modes in the plenum and in the cham-
ber. The nodal lines are obtained by processing microphone sig-
nals and reconstructing the pressure field and the sampling fre-
quencies are much higher than the observed oscillation preclud-
ing any possible stroboscopic effect. Around five oscillations are
shown and the nodal lines in the two cavities rotate at the fre-
quency of the acoustic mode. A nearly constant angular shift b
exists between the plenum and the chamber nodal line angular
positions. This shift can also be interpreted as a temporal phase
lag of the acoustic waves in the plenum and in the chamber at
the same azimuthal location. This behavior has already been ob-
served in recent studies carried out by Sensiau [31] from process-
ing the LES calculation of Staffelbach et al. [17] or in Helmholtz

3D simulations [31, 32]. Sensiau [31] shows that the phase shift
b depends on the flame response time lag t to flow perturbations
and Salas [32] infers that the phase-lag seems to be proportional
to the growth rate of the instability. The underlying mechanism
is interpreted with a model derived in the next section.

MODEL PRESENTATION
A simplified analytical model is derived in this section to an-

alyze the dynamics of azimuthal modes in annular combustors.
One objective is to account for the phase shift between the nodal
line positions of a spinning mode appearing in the chamber and
in the plenum for modes with azimuthal order 1A (1L1A, 2L1A,
etc.). The model only considers axial variations in velocity in-
duced by the azimuthal modes and their effect in terms of heat
release rate fluctuation. One may wonder whether this assump-
tion is adequate and whether the azimuthal velocity component
should not be considered as well in its interaction with the flames.
The comparison between experiments and predictions indicates
that this assumption is reasonable at least for the present config-
uration.

The system is decomposed in two cavities treated separately
that are linked together by injectors (Fig. 8). The injectors are
treated as cylinders in which the acoustic waves only propagate
in the longitudinal direction. For each cavity, the pressure and
the velocity fluctuations at the boundaries of the plenum and the
chamber can be derived by decomposing the pressure oscillations
on the basis of the cavity eigenmodes. It is then possible to ob-
tain a dispersion relation of the global system by combining the
two cavities and the injector acoustic relations [20, 33]. In most
of the previous annular system instability models [5, 20, 33, 34]
one difficulty is to include the large number of burners in the
description. Many industrial systems feature around 20 or more
burners. This implies that the number of variables, that increases
nearly linearly with the number of burners, is large. It is then
difficult to obtain an analytical solution.

In the present article, the distance between the burners is
considered to be sufficiently small with respect to the azimuthal
acoustic wavelengths examined. It is then possible to assume
that a combustor equipped with a large number of burners dis-
tributed regularly around its periphery may be treated as a sys-
tem with an infinite number of burners, but with the same total
injection surface area as in the original geometry. Using this ap-
proximation, the burners can therefore be replaced by a uniform
axially periodic ring with the same surface area as the total sur-
face injection area (Fig. 8). The assumption that the injectors can
be represented as a ring is not as restrictive as may seem. This
representation is used to determine how the azimuthal mode is
affected by the injectors and how the two cavities (plenum and
chamber) are coupled. Since the angular wavelength is long, it is
permissible to average this effect over the circumference. How-
ever, in general this assumption may be less suitable if one has
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Spinning	mode	

The nodal lines feature an angular shift which can be explained (see lecture tomorrow morning) 
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Images are recorded by an Intensified CMOS camera at a frame rate set at 12500 Hz. 
Each phase of the sequence is averaged over 1000 instantaneous images. 
Some reflections on the transparent walls are visible in the neighborhood of the two sides 
of the image 

The	slanted	mode	

35th International Symposium on Combustion, Aug. 3-8, 2014!

The slanted mode 

Time evolution of the light intensity for the 8 injectors 
located on the same side with respect to the line of 
symmetry, from injector 14 up to injector 5 
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Figure 7: Time evolution of the brightness for 8 injectors located on the same side with
respect to the line of symmetry, from injector 14 up to injector 5.
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Flame Describing Function (FDF) at the frequency of oscillation  

The flame describing function is 
determined in a single injector 
configuration that is modulated 
externally by a driver unit. 

Flame response on a single matrix burner versus the relative 
amplitude of an axial perturbation at the frequency of 450 Hz. 
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respect to the line of symmetry, from injector 14 up to injector 5.

27

2"
3"

4"
5"

6"
7"

8"9"10"
11"

12"

13"

14"
15"

16" 1" (a)"

0 1 2 3 4 5

u'/U=0.52
u'/U=0.75

u'/U=0.92
u'/U=1.03

u'/U=1.19
u'/U=1.36

H
ea

t r
el

ea
se

 ra
te

 (a
rb

. u
ni

t)

Time (ms)

0

1

2

3

4

5

0

0.5

1

1.5

2

2.5

0 1 2 3 4 5

u'/U=0.52
u'/U=0.75

u'/U=0.92
u'/U=1.03

u'/U=1.19
u'/U=1.36

V
el

oc
ity

 (m
/s

)

Time (ms)

One assumes 
that the injector 
velocity signals 
are in phase 

Measured	heat	release	rate	signals	 Reconstructed	heat	release	rate	signals	



25/05/2019	

24	

The annular system with swirling injectors features  
various types of thermo-acoustic oscillations 

Summary points 

Analysis of pressure signals indicates a continuous 
switching between standing and spinning modes. The 
greatest probability corresponds to the standing 
mode 

A well established spinning mode is observed in 
the annular burner equipped with matrix injectors 

The nodal lines in the plenum and chamber feature 
an angular shift  

35th International Symposium on Combustion, San Francisco Aug. 3-8, 2014!

In the slanted pattern case the acoustic field comprises an axial mode and 
a standing azimuthal mode which have coinciding frequencies 

This combination produces a pressure pattern with a 
maximum amplitude of oscillation on one side of the 
annulus while the amplitude is minimal on the other side 

Using the flame describing function one can explain the time shift in the 
flame motions at the various injectors which takes the form of 
a wave sweeping the different injectors 

It is shown that the phase shift evolution in the light intensity of the different 
injectors is a direct result of the nonlinear response of these elements 
when they are subjected to large velocity oscillations 

Summary points 
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Schematic top view showing locations of  
the photomultiplier and chamber microphone  
arrays 

Side view of MICCA Spray 

MICCA-Spray (liquid spray injection of n-heptane or dodecane 

K. Prieur, D. Durox, T. Schuller and S. Candel (2017) J. Eng. Gas Turbines Power. 140, 031503. Strong 
azimuthal instabilities in a spray annular chamber with intermittent partial blow-off.  

Large amplitude azimuthal instabilities in MICCA-Spray leading to partial blow-off 

Kevin Prieur 

First Clean Sky  
prize 2018 
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Partial  flame blow off in MICCA-Spray in the presence of an azimuthal  
standing mode of high amplitude (4000 Pa peak) 

Extinction des flammes situées au voisinage de la ligne nodale  

Flames located near the nodal line of the azimuthal mode are blown-off during a period of 20 ms when 
the level of fluctuation exceeds 4000 Pa 
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