
Proceedings of ASME Turbo Expo 2011
GT2011

June 6-10, 2011, Vancouver, Canada

GT2011-46701

REVISED: EXPERIMENTAL ANALYSIS OF SIMULTANEOUS NON-HARMONICALLY
RELATED UNSTABLE MODES IN A SWIRLED COMBUSTOR

Ammar Lamraoui, Franck Richecoeur, Sébastien Ducruix, Thierry Schuller
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ABSTRACT
The present study investigates combustion instabilities gen-

erated in a turbulent swirled combustor featuring two non-
harmonically related unstable modes. Sound pressure and
chemiluminescence spectra show the presence of two peaks lo-
cated around 180 Hz and 280 Hz during unstable operation.
The low frequency acoustic response of the test-rig is then an-
alyzed using a two-coupled-cavity model including a realistic
impedance of the system at the premixer inlet. This analytical
approach is used to link the two observed frequencies to the first
chamber and premixer modes respectively. Analytical predic-
tions are compared with acoustic pressure measurements to de-
termine the structure of these modes. The Rayleigh source term
in the energy balance is also computed and shows that the two
modes feed acoustic energy simultaneously in the system. High-
speed PIV data gathered under unstable operation are filtered
around these two frequencies to obtain phase conditioned im-
ages. Results show that the unsteady flow in the flame region
features distinct dynamics associated to a bulk longitudinal os-
cillation of the flow in the flame arms at 180 Hz and large wrin-
kles in the radial direction at 280 Hz.

1 INTRODUCTION
The development of lean premixed burners for propulsion

and energy production succeeded in reducing pollutant emis-
sions like NOx by lowering the combustion temperature. While
this process is efficient to satisfy legislative constraints, it is now

facing the problem of combustion instabilities and noise reduc-
tion. These phenomena originate in the coupling between acous-
tic pressure waves, the turbulent flow and unsteady heat release
in a confined environment. The problem can be analyzed by ex-
amining the acoustic energy balance in a low Mach flow [1]:

∂E

∂ t
+∇ · (p1u1) =

γ−1
γ p0

p1q̇1 (1)

where E = p2
1/(2ρ0c2)+(ρ0u2

1)/2 is the acoustic energy density,
p1, u1 and q̇1 indicate respectively the acoustic pressure, velocity
and the heat release rate fluctuations, p0 is the mean pressure and
γ is the specific heat capacity ratio. If the Rayleigh source term
(r.h.s. term) and the acoustic fluxes at the boundaries (second
l.h.s. term) differ in such a way that the net effect is a positive
contribution, an accumulation of acoustic energy may then be ob-
served in the system. Budgets for energy flow disturbances have
received much attention to include mean flow, entropy or vor-
ticity effects to generalize the acoustic energy balance in more
complex flows [2–7]. Experimental validations leading to quan-
titative results are less common and they generally consider only
the main contributions appearing in Eq. (1). This was for exam-
ple carried out by Tran et al. [8] to show that the predominant flux
counterbalancing the Rayleigh source term in a swirled test rig
open to atmospheric conditions was associated to the upstream
acoustic flux. This type of analysis requires a detailed charac-
terization of all impedances in the combustor [9–14]. This is
generally too difficult in complex chamber geometries and only
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the Rayleigh source term is considered in many studies.
The Rayleigh source term integrated over the reaction zone

volume indicates when unsteady combustion interacts positively
with pressure waves to sustain the instability. It is generally ex-
amined at one single frequency corresponding to the main oscil-
lation peak frequency observed in the combustor (see for exam-
ple Refs. [15] and [16] for quantitative evaluations of the differ-
ent terms in the acoustic energy budget in unconfined configu-
rations or in a turbulent swirled burner respectively). There are
also cases with multiple unstable modes. This situation was re-
cently discussed by Moeck and Paschereit [17] in an analysis of
nonlinear interactions between unstable modes. These authors
mentioned that multiple unstable modes are not uncommon in
thermoacoustic systems, but that it is in most cases simpler to
identify this phenomenon in model simulations [18, 19] than in
test-rig experiments. Multiple peaks at non-harmonically related
frequencies in pressure spectra were explicitly mentioned in sev-
eral studies (see among others [20–22]), but only a few [23, 24]
clearly indicate the simultaneous presence of multiple frequen-
cies under unstable operation for the same operating conditions.
Experiments conducted by Noiray et al. [25], Boudy et al. [26]
show for example that the system may switch between two eigen-
modes and eventually switch back again to the first mode [17],
but these modes are not present simultaneously.

There is to date no detailed investigation of the flame re-
sponse in a configuration featuring two self-sustained modes at
non-harmonically related frequencies. Balanchandran et al. [27]
considered the response of a swirled flames to flow modulations
at two simultaneous forcing frequencies, the second frequency
being an harmonic of the first one. They showed that this re-
sults in perturbations of the vortex shedding synchronization in
the shear layers of the swirled flame and this modifies in turn the
flame transfer function. When non-harmonic multiple frequen-
cies are considered, it is not clear whether the same elementary
mechanisms are responsible for heat release rate perturbations
at the different discrete frequencies involved. It is for example
known that different mechanisms may generate large heat re-
lease rate fluctuations, but they are generally frequency depen-
dent [28].

An experimental analysis is conducted to gain more insight
into swirled flame dynamics featuring multiple simultaneous
unstable modes. The configuration explored here is described
in the next section together with the operating conditions
leading to a self-sustained oscillation state characterized by
two unstable frequencies. An acoustic analysis of the test
rig is then conducted to identify the corresponding acoustic
modes associated to the two unstable frequencies in section 3.
The acoustic/flow/flame coupling is then analyzed in section 4
combining acoustic pressure, chemiluminescence emission from
the flame together with high speed Particle Imaging Velocimetry
(PIV) measurements. The flow and flame responses are analyzed
at the two unstable frequencies by post-processing the data

FIGURE 1. CESAM test bench fed with propane and air through two
identical stages. The locations of microphones M1 to M10, the photodi-
ode and the thermocouple are also indicated.

around these frequencies. Some conclusions and perspectives
are finally given on the potential mechanisms governing the
flame response at these distinct frequencies.

2 CESAM TEST BENCH AND DIAGNOSTICS
The experimental setup CESAM features a partially pre-

mixed burner consisting of two identical stages through which
air is injected tangentially (Fig. 1). The internal geometry of
the combustor stage is also shown in Fig. 2. Propane is injected
through small slits, 1 mm in diameter mounted perpendicular to
the air flow. Each stage is equipped with 8 propane injection
holes. The small size of these injectors enables to inject propane
at high speed, limiting the risks of flashback in the injection lines.
This is also beneficial for the premixing of the reactants. Tan-
gential injection of air generates a swirling flow in the premixing
tube of 30 mm in diameter. The presence of a strong internal re-
circulation zone indicates a swirl number S larger than 0.6 [29].
A small fraction of the air corresponding to less than 2.5 % of the
total mass flow is injected through the backplane at the rear side
of the premixer to avoid flashback in the injection lines. The pre-
mixer is also equipped with an Impedance Control System (ICS)
described in [8] that can be used to modify the combustor inlet
impedance. In the present study, this inlet acoustic impedance
was kept constant. Air and propane are regulated by mass flow
controllers (Bronkhorst EL-FLOW) in each stage. The fuel and
air feeding lines are then split into two branches, with similar
lengths of about 1.95 m. These lines are connected to the injec-
tion stages of the combustor by four main inputs, two for air and
two for propane, to put the flow in rotation.

The premixer unit is connected to a combustion chamber of
square section 10× 10 cm2, the top and bottom faces are made
of refractory concrete while the side walls are made of quartz
to allow visualization of the flame and use of optical diagnos-
tics. The chamber length is 88 cm and is opened to atmospheric
conditions where a collector is installed to vent the hot gases to
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FIGURE 2. Different sectional views of the internal geometry of the
combustor first fuel and air injection stage.

TABLE 1. Parameters used to run the experiment in the present study

Air mass Fuel mass Equivalence Staging Power
flow rate flow rate ratio

[g/s] [g/s] [%] [kW]

14.8 0.8 0.82 48 36

a chimney. Microphones installed in water-cooled waveguides
are used to determine the structure of the acoustic field inside
the combustor. Microphones M1 to M3 were also used to de-
termine the premixer inlet impedance and M8 to M10 the outlet
impedance the combustion chamber. The flame is stabilized in
the swirling flow by a central recirculating zone and by the recir-
culation of hot gases at the chamber dump plane. This leads to a
compact V-flame with a length of approximately 15 cm charac-
teristic of swirl stabilized flames. The combustor was designed
to study low frequency thermo-acoustic instabilities in lean pre-
mixed regimes for thermal powers ranging from 35 to 55 kW.
In the frequency range 0− 1000 Hz only longitudinal acoustic
modes can develop given the dimensions of the test rig.

The staging α defines the proportion of fuel injected through
the first stage compared to the total fuel mass flow rate:

α =
ṁ(1)

C3H8

ṁ(1)
C3H8

+ ṁ(2)
C3H8

This parameter can be varied between 0.1 and 0.60, limitations
come from flashback risks. In the present study, the staging, the
equivalence ratio and the air and propane mass flow rates are
kept constant. The operating point parameters are listed in Tab 1.

The combustor is equipped with microphones for acous-
tic pressure measurements and photodiodes or photomultipli-
ers equipped with filters for CH* or OH* spontaneous emission

measurements. All the microphones are B & K type 4938 1/4
inch. They operate over a frequency range from 4 Hz to 70 kHz
and for sound pressure levels comprised between 30 and 172 dB
in flows up to 450 K. In the combustion chamber, the tempera-
ture is much higher than their acceptable limit value, so the mi-
crophones are mounted on water-cooled waveguides with a long
extension tube (about 16 m) where the waves dissipate slowly,
avoiding reflection issues. This system introduces a time lag
which corresponds to the travel time of sound waves from the
wall orifice to the position where the measurement is done. Us-
ing a calibration procedure of these waveguides in the frequency
range 0-1000 Hz, all measurements can be synchronized. The
signals were sampled in this study with a duration of 8 s at a
sampling frequency fs = 16384 Hz to ensure statistical conver-
gence for spectral analysis. Figure 1 presents the bench equipped
with different microphones (the waveguides are not represented
in this figure), including four in the premixer unit (M1-M4) and
three in the chamber (M5-M7). These microphones enable to de-
scribe accurately the acoustic pressure field inside the chamber
for all unstable operating conditions.

The second type of diagnostic used on the bench are the op-
tical measurements of CH* and OH* chemiluminescence. Pho-
todiodes or photomultipliers are equipped with filters centered
on wavelengths λ1 = 430± 10 nm and λ2 = 310± 30 nm to
record CH* and OH* emissions respectively. These systems are
mounted in front of the quartz windows pointing towards the
flame zone. Converging quartz lenses (Melles Griot, 15 cm in
diameter and focal lengths f = 300 mm and f = 430 mm) are
used to focus light emanating from the chamber to the sensors
equipped with the filters.

Finally, high-speed PIV measurement campaigns are con-
ducted to examine the unsteady flow motion under unstable op-
eration. To this purpose, top and bottom walls of the chamber
are equipped with quartz windows allowing the laser sheet to
cross the chamber. Zirconium oxide particles are used to seed
the flow enabling measurements of the velocity fields both in the
fresh and burnt gases regions. Two laser sheets are generated
using two Nd:YAG lasers running at 15 kHz, emitting pulses at
532 nm, with an energy of about 6 mJ and a duration of 160 ns.
A high speed camera is focused on the flame, with a frame rate
of 30 kHz. At this resolution, the region of interest contains
448× 504 pixels representing 45× 52 mm2 and the signal is
recorded during 0.85 s.

3 ACOUSTIC ANALYSIS
For the operating point considered in Tab. 1 corresponding

to a thermal power of 36 kW, the combustion features a self-
sustained oscillation characterized by an acoustic signature pre-
sented in Fig. 3. The power spectral densities of the acoustic
pressure measured by microphone M3 in the premixer and micro-
phone M5 placed in the chamber in front of the reaction zone fea-
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FIGURE 3. Power Spectral Densities of acoustic pressure measured
by microphones M3 and M5 and of the OH* chemiluminescence signal.
Two dominant peaks can be observed at 180 and 280 Hz.

FIGURE 4. Model of the combustor used to determine the acoustic
modes.

ture distinct peak frequencies at f = 180, 280 and 556 Hz above
a noisy continuous background. These peaks are also present
in the power spectrum of the OH* emission signal of the flame,
which clearly indicates that a resonant coupling takes place be-
tween the unsteady combustion and the combustor acoustics for
this operating condition at multiple unstable frequencies. The
structure of the corresponding acoustic field is now investigated
using an analytical model.

Figure 4 represents a schematic view of the acoustic model
used to determine the combustor modes. It comprises two cav-
ities, the subscripts p and c indicating the premixing tube and
the chamber, respectively. The lengths of the premixer and the
combustion chamber are Lp = 235 mm and Lc = 880 mm. To
take into account the open termination of the chamber, the cham-
ber length is corrected by adding the length δ = 0.85Dh/2 where
Dh is the hydraulic diameter of the square cross section [30]. All
variables are written as a sum of a mean and a fluctuating compo-
nent x = x+x′, where the disturbances are regarded as harmonics

x′ = x̂e−iωt and ω = 2π f .

The temperature in the premixer is fixed to TP = 300 K in
the model and the temperature of the gas filling the combustion
chamber is assumed uniform and constant at about Tc = 1200 K.
This is an average value of the flue gases temperature measured
at different locations inside the combustor with a thermocouple.
The quantities cp and cc denote the speed of sound in the pre-
mixer and chamber respectively. PIV measurements described
later show that the maximum velocity 25 m s−1 is reached in the
fresh reactant, in the penetration cone of the swirling flow. This
corresponds to a maximum Mach number M = 0.07, implying
that convective effects in the premixer and the chamber can be
neglected in this test rig [7].

The present study focuses on low frequency thermo-acoustic
instabilities (below 1 kHz). Below the cutoff frequency of the
premixer and the chamber, only plane waves propagate in the
combustor. The premixing tube features a cylindrical section
with a radius rp, which cutoff frequency is given by f cut

p =
1.84cp/2πrp = 6774 Hz at Tp = 300 K. The combustion cham-
ber features a square cross section yielding a cutoff frequency
given by f cut

c = cc/2h where h is the side length. At Tc = 300 K,
f cut
c = 1826 Hz while f cut

c = 3542 Hz at Tc = 1200 K. This con-
firms that only planar acoustic waves propagate in the combustor
in the frequency range considered here.

The acoustic field in the two cavities shown in Fig. 4 results
from the superposition of waves propagating in the downstream
and upstream directions. Introducing the notations Zp = ρpcp
and Zc = ρccc for the characteristic impedances of the gas in
the premixing tube and the combustion chamber respectively, the
acoustic field is then given by the set of equations:

p̂p(x) = A+
p eikpx +A−p e−ikpx (2)

Zpûp(x) = A+
p eikpx−A−p e−ikpx (3)

p̂c(x) = A+
c eikcx +A−c e−ikcx (4)

Zpûc(x) = A+
c eikcx−A−c e−ikcx (5)

where the wavenumber ki = ω/ci differs in the premixer i = p
and the chamber i = c. The presence of hot gases is taken into
account in the analysis by considering their temperature, but the
presence of the flame as an active element is not considered.

This acoustic field must also comply with continuity rela-
tions and boundary conditions at the combustor inlet and out-
let, which are defined by (i) the acoustic reflection coefficient
R(0) = R0 eiφ at the backplane of the premixer, (ii) the continuity
of the acoustic pressure and the acoustic volume flow rate at the
dump plate location and (iii) the acoustic pressure that vanishes
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at the combustor outlet (Fig. 4):

A+
p = R0 eiφ A−p (6)

p̂p(Lp) = p̂c(Lp) (7)
Sp ûp(Lp) = Sc ûc(Lp) (8)

p̂c(Lp +Lc +δ ) = 0 (9)

The acoustic modes of the system are given by the solutions of
the dispersion equation:

(1+Ξ)
[
R(0)ei(kpLp+kcLc) + e−i(kpLp+kcLc)

]
+ (1−Ξ)

[
R(0)ei(kpLp−kcLc) + e−i(kpLp−kcLc)

]
= 0 (10)

where the dimensionless number Ξ is defined by:

Ξ =
Spρ pcp

Scρccc
=

Sp

Sc

√
Tp

Tc
(11)

This interaction parameter characterizes the strength of the
acoustic coupling between the two cavities. A small value in-
dicates that the modes of the two cavities can be calculated sep-
arately. The solutions of the dispersion relation Eq. (10) yield
the mode frequencies f n

pc, n ∈ N of the combustor. The corre-
sponding structure of the acoustic pressure in the premixer and
combustion chamber is given by the following expressions where
the amplitudes were normalized by A+

p = 1:

p̂p(x) = Reikpx + e−ikpx and (12)

p̂c(x) =
1
2
(1+Ξ)[

Rei(kpLp+kc(x−Lp)) + e−i(kpLp+kc(x−Lp))
]

+
1
2
(1−Ξ)[

Rei(kpLp−kc(x−Lp)) + e−i(kpLp−kc(x−Lp))
]

(13)

Depending on the values of the interaction parameter Ξ and
the inlet reflection coefficient R(0), solutions of the dispersion
equation may yield real angular frequencies ω = 2π f or complex
frequencies ω = 2π f + iωi, where ωi denotes the mode damping
rate. Given the relatively high value of the gases temperature in
the combustion chamber compared to that in the premixing tube
and the large area expansion ratio between these two elements,
the parameter Ξ often takes small values compared to 1. For
Tc = 1200 K, it is here equal to Ξ = 0.038. It is then interesting to

compare the first modes of the coupled cavities ( f 0
pc, f 1

pc) which
are solution of Eq. (10) to those obtained by setting Ξ = 0 in this
equation. These solutions are denoted f i

p and f i
c corresponding

to the i-th eigenfrequency in the premixing tube and chamber
respectively.

Ideally, the boundary condition at the premixing tube back-
plane x = 0 corresponds to a rigid wall. In this case, the acoustic
reflection coefficient takes a real value R(0) = 1 and the disper-
sion relation Eq. (10) becomes:

cos(kpLp)cos(kcLc)−Ξsin(kpLp)sin(kcLc) = 0 (14)

In the limit of vanishingly small values of Ξ, the premixer and
chamber modes are decoupled and are given by :

cos(kpLp)cos(kcLc) = 0 (15)

This equation is satisfied if one of the two terms vanishes and this
yields the mode frequencies associated with the premixer and the
combustion chamber lengths, respectively:

f np
p = (2np +1)cp/4Lp

f nc
c = (2nc +1)cc/4Lc

These two sets of modes correspond to quarter-wave modes
where (np,nc)∈N2. Predictions for the first modes f 0

c , f 0
p calcu-

lated with Ξ = 0 and f 0
pc and f 1

pc obtained for Ξ = 0.038 are listed
in Tab. 2 together with experimental data for the peak oscillation
frequencies under unstable operation. In the first line, predictions
are obtained for an inlet reflection coefficient R(0) = 1 when the
backplane of the premixer corresponds to a rigid wall. It is first
noted that the first mode of the coupled cavities matches well
with the quarter-wave mode of the chamber f 0

pc ' f 0
c and that

the second mode of the coupled cavities is very close to the pure
quarter-wave mode of the premixer f 1

pc ' f 0
p . This confirms that

the premixer and combustion chamber acoustic responses can be
considered separately in this test rig. When these predictions
are compared with the unstable oscillation peak frequencies ob-
served in the combustor (first and last rows in Tab. 2), the first
mode f 0

pc = 186 Hz associated to the chamber cavity is close to
the lowest unstable frequency observed f = 180 Hz. The second
one f 1

pc = 370 Hz associated to the premixer cavity lies however
far away from the second unstable peak observed f = 280 Hz.

The real impedance of the backplane of the premixer must
be taken into account. It cannot be considered as a rigid wall for
acoustic waves since an air flow is injected through a set of perfo-
rations leading to slight modifications of the modulus and phase
of the reflection coefficient R(0) = R0 eiφ . This reflection coeffi-
cient has been measured under unstable operation using the three
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TABLE 2. Eigenfrequencies of the system for coupled and uncou-
pled modes depending on the reflection coefficient at the premixing tube
backplane (in Hz).

Inlet reflection coefficient Ξ = 0 Ξ = 0.038

f 0
c f 0

p f 0
pc f 1

pc

R(0) = 1 191 369 186 370

R(0) = 0.8 191 369 186 370

R(0) = 0.8e i0.75 191 281 183 290

Experiment × × 180 280

microphones M1 to M3 and its evolution with the frequency is
shown in Fig. 5. For frequencies higher than 400 Hz, the co-
herence between the microphones signals is too low to obtain
reliable results [14]. For frequencies around 180 and 280 Hz,
the modulus is found equal to |R(0)| = R0 = 0.8 and the phase
is equal to φ = 0.75 rad. To investigate the effects of this inlet
reflection coefficient, the dispersion relation Eq. (10) is solved
by taking into account the measured values of R0 and φ . This
is done for Ξ = 0 and Ξ = 0.038 to obtain the uncoupled ( f 0

c ,
f 0
p ) and the coupled modes ( f 0

pc, f 1
pc) respectively. The results of

these calculations are summarized in the second and third lines
of Tab 2.

This parametric analysis shows that the frequency f 0
pc asso-

ciated to mode 1 is barely modified by modification of the pre-
mixer inlet impedance. The reason is that mode 1 is essentially
associated to the chamber cavity acoustics and is not very sensi-
tive to the premixer acoustic properties. The situation is different
for the mode 2 characterized by a frequency f 1

pc which is mainly
associated to the response of the premixer. Thus, changing the
premixer inlet impedance strongly modifies the acoustic field in
this region. As expected, the modulus of the reflection coeffi-
cient R0 barely changes the value of the eigenfrequency f 1

pc. This
frequency is more sensitive to changes in the phase φ of the re-
flection coefficient. Using the measured values of the reflection
coefficient, it is now possible with the analytical model to recover
the two unstable frequencies observed in the pressure spectrum.

The oscillation peak observed at 180 Hz is clearly associated
to the chamber fundamental mode f 0

pc ' f 0
c while the second un-

stable peak at 280 Hz is linked to the premixer fundamental mode
f 1
pc ' f 0

p . This latter frequency is sensitive to slight variations in
the phase of the premixer inlet reflection coefficient R(0). This
can be confirmed by plotting the pressure distributions along the
combustor for each mode identified. Results presented in Fig. 6
are normalized by the pressure fluctuation measured by micro-
phone M1. The sound pressure measurements were also filtered
around the two peak frequencies to extract their corresponding
amplitude. Analytical predictions and acoustic pressure mea-
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surements under unstable operation match in both cases. The
analysis of the structure of these modes also shows that mode 1
f 0
pc ' f 0

c features a similar amplitude level in the chamber and in
the premixing tube, while mode 2 f 1

pc ' f 0
p is characterized by

large pressure oscillations in the premixer and reduced fluctua-
tions in the chamber.

The preceding analysis has led to the determination of the
first acoustic modes of the combustor and their corresponding
structure. It is now interesting to investigate in more details the
resonant coupling between the unstable flame and the combustor
acoustics at the limit cycle.
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4 COUPLING ACOUSTICS, FLOW AND FLAME
It is first possible to evaluate the Rayleigh source term in the

acoustic energy balance. This is obtained by integrating Eq.(1)
over the reaction volume and over a period of oscillation T :

ST =
〈∫

V

γ−1
γ p0

p1q̇1 dV
〉

T
(16)

This term is generally calculated at a single frequency corre-
sponding to the main oscillation peak. In the present study, two
unstable modes are observed, it is then preferable to examine this
quantity for all frequencies comprised between 0 and 1 kHz. The
diagnostics equipping the test bench allow simultaneous record-
ing of the acoustic pressure evolution in the vicinity of the flame
region with microphone M5 and fluctuations of the hydroxyl
radical emission with a photomultiplier equipped with a narrow
band filter. Time traces of these signals are presented in Fig. 7.
For premixed flames, fluctuations in the chemiluminescence sig-
nal are roughly proportional to heat release rate fluctuations. Fol-
lowing Tran et al. [8], the source term ST in Eq. 16 can be eval-
uated using the cross-spectral densities between the pressure and
emission signals with a Welch periodogram method. Results for
the source term are plotted in Fig. 8. The positive sign indi-
cates that these two modes at f 0

pc = 180 Hz and f 1
pc = 280 Hz

feed acoustic energy to the system. The difference of amplitude
between the two peaks already observed on the microphones and
chemiluminescence power spectra presented in Fig. 3 is also visi-
ble here. The two modes do not provide the same acoustic power.
The instability locked on mode 1 associated to the chamber cav-
ity is weaker than that locked on mode 2 associated to the pre-
mixer. The influence of the former is however not negligible.
It is also shown in Fig. 9 that these modes are present simulta-
neously and do not correspond to a rapid switch between two
limit cycles. The time-frequency diagram shows high values of
sound pressure power spectral densities concentrated simultane-
ously around the two unstable frequencies.

In presence of the acoustic field, the flame responds pos-
itively and amplifies acoustic waves leading to a growing insta-
bility. When acoustic losses balance this energy input, the system
reaches a limit cycle. To gain insight in the amplification mech-
anism of the flame, it is now relevant to investigate the unsteady
flow field evolution in the chamber during unstable operation. A
high speed PIV system is set up as described in section 2. The
sampling frequency f = 15 kHz is high enough to accurately re-
solve the two oscillation periods corresponding to the two mode
frequencies f 0

pc and f 1
pc over a duration of 0.85 s. This unsteady

velocity field is then phase averaged by post-processing. Differ-
ent techniques can be envisaged for phase averaging at multiple
frequencies [31]. This is done here successively at the two dis-
tinct forcing frequencies to extract the corresponding dynamics.
The pressure signal recorded by microphone M3 located in the
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FIGURE 8. Rayleigh source term calculated using microphone M5
signal for acoustic pressure and OH* spontaneous emission for unsteady
heat release rate (method described in [8]).

premixer was chosen as a reference to synchronize the phase av-
eraging post-processing. As shown in Fig. 3, this signal features
two main peaks at f = 180 and 280 Hz. It is then possible to
filter this multiple frequencies signal around one peak frequency
and used the resulting harmonic filtered signal to synchronize
the phase averaging procedure. The same methodology is then
repeated for the second peak frequency. The results for the phase
conditioned velocity fields related to the first and second acoustic
modes are plotted in Fig. 10.

The top images in Fig. 10 display the phase conditioned ve-
locity field at the frequency f 0

pc = 180 Hz at four phases regu-
larly spaced in the oscillation cycle. One can assume that the
phase average flame front lies at the limits of this high speed
cone. In this case, the flame angle with respect to the mean flow

7 Copyright c© 2011 by ASME



FIGURE 9. Time-frequency diagram of the pressure PSD in the com-
bustion chamber during unstable operation. Short duration PSDs are
calculated to show that both frequencies are present at the same time.

direction remains constant and the fresh gas penetration cone re-
mains straight during the oscillation cycle. The maximum ve-
locity reached within the cone fluctuates during the cycle and
changes the penetration length of the flame in the longitudinal
direction. This length reaches its minimum for a phase around 0◦

and its maximum near 180◦. It can be shown that this pulsation
follows the acoustic velocity corresponding the first longitudinal
mode of the chamber.

The flow in within the flame arms is characterized by a lon-
gitudinal bulk oscillation. Images presented on the bottom cor-
respond to phase conditioned velocity fields related to the sec-
ond eigenmode at the frequency f 1

pc. In this situation, the max-
imum velocity features wrinkles in the transverse direction dur-
ing the cycle. The flow in the penetration cone is disturbed in
the transverse direction and the flame angle fluctuates near the
flame tips. At phase 0◦, the flame curvature is oriented toward
the exterior of the chamber while it is the reverse direction at
phase 180◦. At this frequency, the flame length remains rela-
tively constant. So the two acoustic modes interact with the flow
and the flame very distinctly in the chamber. Different studies
have envisaged swirl number fluctuations to explain oscillations
of the flame angle in the transverse direction [32, 33]. It is diffi-
cult to conclude if this type of mechanism operates here because
the two distinct motions in the longitudinal and transverse direc-
tions are associated to distinct acoustic resonances. This requires
further investigation of the flow and fame dynamics and conjec-
ture is however proposed to interpret the observed features. The
first mode is associated with low frequency pressure fluctuations
within the chamber. The corresponding acoustic velocity elon-
gates the flame during the oscillation cycle. The second mode
results from large pressure disturbances in the premixing tube
which trigger a convective mode at the damp plane characterized
by vortices wrinkling the flame front. The two mechanisms are

!"

 

 

#!" $%!"

 

 

&'!"

 

 

 

 

()*

+
)*

 

 

$), &), $ -),

!&),

!$),

!

$),

&),

 

 

./012
!$
3

!4 ! 4 $! $4 &! &4

f
PC

  0

f
PC

  1

FIGURE 10. Phase conditioned velocity fields in the flame region at
the first f 0

pc = 180 Hz (top images) and second f 1
pc = 280 Hz (bottom

images) unstable modes present simultaneously.

different and superimposed, but both contribute positively to in-
crease the acoustic energy within the system.

Two maps displaying the magnitude of the PSD of the veloc-
ity field at the frequencies f 0

pc (left) and f 1
pc (right) are presented

in Fig. 11. This is used to examine regions where velocity fluc-
tuations are the highest. These spectral maps show that the fluc-
tuating flow is significantly different for the two unstable modes
observed in the combustor. The maximum PSD for mode 1 at
f 1
pc is much higher than for mode 2 at f 0

pc. The largest fluctua-
tions occur in the second part of the penetration cone. The flow
in the anchoring region does not seem to be perturbed by any
of the two modes identified. This has to be confirmed by com-
plementary measurements. The largest velocity fluctuations can
be observed in the downstream region for the two modes. Their
effects may eventually be coupled since they operate simultane-
ously in the same region. This remains also to be confirmed by
further analysis. It can however be concluded that strong inter-
actions with the flame front and consequently large heat release
rate fluctuations are located at the periphery of the fresh gas cone
extremities. Interaction with the flame in this region increases
the acoustic energy density at two different frequencies by dis-
tinct mechanisms. One is associated with a longitudinal motion
( f 0

pc) and the other one with a wrinkling in the transverse direc-
tion ( f 1

pc).

CONCLUSION
The present research investigates combustion instabilities in

a swirled combustor open to atmospheric conditions. High speed
PIV, acoustic pressure and flame emission measurements were
carried out to characterize the acoustic behavior of the combus-
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FIGURE 11. Two dimensions PSD magnitude of the velocity field at
the frequencies f 0

pc (left) and f 1
pc (right). Distances are normalized by

the premixer diameter D=3 cm

tor and its coupling with the flow and the combustion process.
The acoustic modes were determined using a low-order model
taking into account realistic acoustic boundary conditions. This
was used to analyze the structure of the first acoustic modes
of the combustor in the low frequency 0-500 Hz band. The
Rayleigh source term was evaluated indicating that the acoustic
source term in the chamber is the sum of two components as-
sociated with two eigenfrequencies present simultaneously. The
first corresponds the chamber first cavity mode and the second
is the premixer first cavity mode. The coupling mechanism be-
tween acoustics, flow and flame was examined at these frequen-
cies using high speed PIV and a phase averaging procedure.
This analysis showed distinct flame responses at the two non-
harmonically related frequencies, highlighting two different con-
tributions feeding acoustic energy within the system and operat-
ing simultaneously. A deeper analysis of these mechanisms is a
work in progress.
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NOMENCLATURE
A± Pressure waves amplitude in the positive/negative direction
c Sound celerity

[
ms−1

]
E Acoustic energy density

[
Wm−3]

f i
c i-th eigenfrequency associated with the combustion cham-

ber
f i
p i-th eigenfrequency associated with the premixing tube

f i
pc i-th eigenfrequency of the combustor

k Wave number
[
m−1

]
L Length [mm]
M Mach number
ṁ Mass flow rate

[
gs−1

]
p Acoustic pressure [Pa]

q̇ Heat release rate
[
Wm2 s−1

]
R Acoustic reflection coefficient
ST Rayleigh source term [W]
T Temperature [K] or oscillation period [s]
u Acoustic velocity

[
ms−1

]
Z Characteristic impedance

[
kgm−2 s−1

]
α Fuel staging ratio [%]
γ Specific heat capacity ratio
δ End correction [mm]
Ξ Acoustic interaction index
ρ Density

[
kgm−3]

Φ Phase of the reflection coefficient [rad]
ω Pulsation [Hz]
Subscripts
0 Mean value
1 Fluctuating part
c Combustion chamber
p Premixer
pc The whole combustor
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