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For velocity sensitive premixed flames, intrinsic thermoa-
coustic (ITA) feedback results from flow-flame-acoustic interac-
tions as follows: perturbations of velocity upstream of the flame
result in modulations of the heat release rate, which in turn gen-
erate acoustic waves that travel in the downstream as well as
the upstream direction. The latter perturb again the upstream
velocity, and thus close the ITA feedback loop. This feedback
mechanism exhibits resonance frequencies that are not related to
acoustic eigenfrequencies of a combustor and generates – in ad-
ditional to acoustic modes – so-called ITA modes. In this work
spectral distributions of the sound pressure level (SPL) observed
in a perfectly premixed, swirl stabilized combustion test rig are
analyzed. Various burner configurations and operating points
are investigated. Spectral peaks in the SPL data for stable as
well as for unstable cases are interpreted with the help of a newly
developed simple criterion for the prediction of burner intrinsic
ITA modes. This criterion extends the known −π measure for
the flame transfer function (FTF) by including the burner acous-
tic. This way, the peaks in the SPL spectra are identified to cor-
respond to either ITA or acoustic modes. It is found that ITA
modes are prevalent in this particular combustor. Their frequen-
cies change significantly with the power rating (bulk flow veloc-
ity) and the axial position of the swirler, but are insensitive to
changes in the length of the combustion chamber. It is argued
that the resonance frequencies of the ITA feedback loop are gov-
erned by convective time scales. For that reason, they arise at
rather low frequencies, which scale with the bulk flow velocity.

∗Address all correspondence to this author. albayrak@tfd.mw.tum.de

INTRODUCTION

Stricter emission regulations, in particular for nitrogen ox-
ides (NOx), pushed the development of lean premixed prevapor-
ized (LPP) combustion systems. Such combustors, however, are
more susceptible to thermo-acoustic instabilities and also pro-
mote noise emissions [1, 2]. These self-excited instabilities arise
from a feedback between the unsteady heat release of the flame
and flow perturbations – in particular acoustic waves – in a com-
bustor. High amplitude pressure and velocity oscillations result-
ing from such thermo-acoustic instabilities can cause problems
ranging from increased noise emissions to severe damage of the
complete system.

Thermo-acoustic instabilities are commonly characterized
as acoustic eigenmodes of the combustion system driven by heat
release fluctuations of the flame [3]. The flame is viewed as a
source, which feeds perturbation energy into the acoustic modes.
However, Hoeijmakers et al. [4, 5] showed recently that velocity
sensitive flames can develop thermo-acoustic instabilities even
in a fully anechoic environment. This might appear paradoxical,
since all acoustic perturbations generated by the flame leave an
anechoic domain without reflection; acoustic modes cannot form
in such an environment. Polifke and co-workers, however, iden-
tified a so-called intrinsic thermo-acoustic (ITA) feedback loop
between unsteady heat release by the flame and flow fluctuations
at an upstream reference position, which does not involve reflect-
ing boundary conditions [6,7]. Numerical simulation of intrinsic
instabilities of laminar premixed flames in a computational do-
main with non-reflecting boundary conditions confirmed the re-
sults of Hoeijmakers et al. [8, 9]. Emmert et al. [10] argued that
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FIGURE 1. SKETCH OF THE BRS TEST RIG.

the ITA feedback should play an important role even for realistic
combustor configurations with (partially) reflecting boundaries,
because ITA mode ist in addition to acoustic cavity modes
and can for certain conditions be dominantly unstable. Results
of Mukherjee et al. support these findings [11]. It is particu-
larly interesting that the standard methods for passive control of
thermoacoustic instabilities (i.e. acoustic liners and decreasing
boundary reflection coefficients) may not stabilize ITA modes.
As shown by Emmert et al. [10], just the opposite effect can be
observed, i.e. increased acoustic losses at the combustor exit can
enhance the ITA feedback and lead to increased growth rates.
Silva et al. [12] showed that ITA resonances can lead to the for-
mation of characteristic peaks in the spectral distribution of the
sound pressure level (SPL) of broad-band combustion noise of
turbulent flames.

Fundamentally, an ITA feedback exists because the sound
emitted by an unsteady flame directly – i.e. without reflection of
acoustic waves by the environment – disturbs the velocity field
in the vicinity of the flame. This argument is developed in more
detail as follows: Premixed flames respond to perturbations of
upstream velocity with a change in their heat release rate. This,
in turn, generates acoustic waves which travel in both upstream
and downstream direction. The upstream propagating acoustic
waves perturb the upstream velocity and, thus, close a feedback
loop. It has to be stressed out again, that such intrinsic modes
can exist in addition to the acoustic modes (‘cavity modes’). The
described intrinsic feedback loop is affected but not eliminated
by acoustic reflections at the boundaries or area jumps. There-
fore, the contribution of the ITA feedback needs not to be close
to acoustic eigenfrequencies of the combustor although it might
interact with them.

The characteristics of the ITA modes are largely determined
by the flame transfer function (FTF), which relates velocity fluc-
tuations u′ref at a reference position – usually close to the flame
anchoring position – to fluctuations of the heat release rate Q̇′.
In previous studies it was argued that the frequencies of the ITA
modes coincide with frequencies where the phase of the FTF is

TABLE 1. PARAMETERS OF THE BRS TEST RIG.

Length

LP = 0.17, LS = 0.03, LB = 0.18, Lref = 0.07 LF = 0.045

LCC = Lmic = (0.3,0.7), LD = (0.03,0.13)

DP = 0.2, DB,o = 0.04, DB,i = 0.016, DCC = 0.09 m

Mean velocity at burner (B) 30,50,70 kW ūB = 11.3,18.8,26.4m/s

Cross sectional area AP = π

4 D2
P, AB = π

4 (D
2
B,o−D2

B,i), ACC = D2
CC

Temperature Tc = 293, Th = 1930 K

close to an odd multiple of −π [5,7,9]. Furthermore, the gain of
the FTF at those frequencies determines if the corresponding ITA
mode is stable or unstable: The higher the gain, the more prone
the flame becomes to an ITA driven instability. Clearly, a flame
may exhibit more than one ITA mode, provided that the gain of
the FTF does not decrease rapidly with frequency.

In this work ITA resonances and instabilities of a perfectly
premixed, swirl stabilized combustor are investigated, and a re-
fined criterion for the respective frequencies is developed. It is
argued that the ITA frequencies depend not only on the phase of
the FTF, but also on the acoustic inertia of the burner, plus the ra-
tios of temperature, cross sectional area and specific impedance
across the flame. The analysis is validated by experimental re-
sults, where (1) the power rating, and thus the mean flow ve-
locity, and (2) the position of the swirler is modified. Although
these two measures do not change the acoustic characteristics of
the system, significant shifts in peak frequencies of the SPL spec-
tra are observed. These shifts are well predicted by the refined
criterion for ITA frequencies.

The measures (1) and (2) both change the gain and in par-
ticular the phase of the FTF, i.e. the time scales of the flame re-
sponse, which are understood to be convective in nature. This
suggests that ITA frequencies should exhibit convective scal-
ing. This hypothesis is substantiated by considering how relevant
length and velocity scales of a turbulent flame change with the
power rating. A simple relation that predicts how resonance fre-
quencies should increase with power rating compares well with
experimental results.

This paper is structured as follows: We first describe the ex-
perimental setup investigated in this study. Then measurement
methods and results for the SPL spectra and the flame frequency
response are presented. Subsequently, the distributed time lag
model for the FTF is outlined. This is followed by the deriva-
tion of an extended criterion for ITA eigenfrequencies, which is
then employed to interpret the results. Then convective scaling
of the ITA modes is established, the relation to previous studies
on lock-on phenomena and entropy modes is outlined.

EXPERIMENTAL SETUP
Measurements presented in this paper were performed on

a swirl stabilized, perfectly premixed combustor as sketched in
Fig. 1. All parameters are specified in Tab. 1. This setup is known
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as the ‘BRS burner’ and has served as a base for several numeri-
cal and experimental studies, e.g. [13–15]. It consists of a cylin-
drical plenum (P) with an inner diameter of DP and a length of
LP. A sinter plate is placed at the upstream end of the plenum.
The porous material allows flow to pass through, but at the same
time provides a defined acoustic hard wall boundary condition.
The sinter plate is axially movable, which allows to force the
flame over a wide range of frequencies with significant ampli-
tude [16]. At the combustor exit a perforated plate is employed
in order to achieve a boundary condition with reduced acoustic
reflections.

Attached to the plenum is the burner (B) which is an an-
nulus with an inner diameter of DB,i and an outer of DB,o. A
swirler mounted on a central bluff body can be placed at two
axial positions denoted by ‘R’ for the rear and ‘F’ for the front
position. The front position is located at 30 mm before the com-
bustion chamber, the rear at 130 mm. A change in the swirler
positions results in a significant change of the flame frequency
response (FFR). Inspired by studies of Straub and Richards [17]
on the effect of fuel nozzle configuration on premix combustion
dynamics, this effect wa plained by Komarek and Polifke [13]
with the superposition characteristic of acoustic and swirl re-
lated (convective) time lags. Since the acoustic time scale is
small compared to the convective one, a change in the swirler
position by half a convective wavelength alters the superposition
of the individual contributions significantly. The swirler with

an axial length LS has eight vanes, which turn the flow by ap-
proximately 45◦. This leads to a swirl number of approximately
0.74. The combustion chamber (CC) has a square cross section
and a variable axial length LCC. Two settings were considered:
One where this length is fixed to LCC = 300 mm and one with
LCC = 700 mm. For a power rating of 30 kW the first leads to a
stable operating point, while the latter is unstable.

The combustor is operated with a methane-air mixture at an
equivalence ratio of φ̄ = 0.77 with three power settings 30, 50
and 70 kW. Each corresponds to a bulk axial flow speed inside
the burner annulus ūB which increases with the power (ūB =
11.3, 18.8 and 26.4 m/s). This leads to a small axial shift of the

um of the flame’s heat release and, thus, to a slight elon-
gation of the flame. The swirler position only has a negligible
effect on the heat release distribution [13].

Spectral Distribution of SPLs
Time series of pressure fluctuations are measured by a mi-

crophone placed at the position ‘mic’ in Fig. 1. From these data
the noise level in terms of the SPL spectrum is estimated using
Welch’s method with a symmetric Hamming window of a width
of 20000. No acoustic excitation was applied here.

The SPL results for the 30 kW and 70 kW cases with a short
combustion chamber with LCC = 300 mm are plotted in the last
row of Fig. 2. These cases correspond to a stable operating condi-
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tion. Accordingly, the SPL spectra show several fairly broad res-
onant peaks. Fig. 2 shows clearly that under variation of power
rating or swirler position both frequencies and amplitudes of the
peaks change. These changes in frequency are remarkable, be-
cause the speed of sound in the plenum and combustor, which
governs the acoustic eigenfrequencies of the test rig, is not af-
fected by changes in the power rating or swirler position.

By increasing the combustion chamber length from LCC =
300 mm to LCC = 700 mm, the 30 kW cases becomes unstable.
Fig. 3 shows the corresponding noise spectrum. The front posi-
tion case (left plot) has a strong peak at a frequency near 100 Hz
and its multiples. Similarly, the rear position case (right plot) has
a peak frequency near 60 Hz and its multiples. For the 70 kW
power rating with the elongated combustion chamber the com-
bustor is stable, therefore the SPL spectrum is not shown here.

MEASUREMENT OF FLAME FREQUENCY RESPONSE
The flame frequency response (FFR), which describes the

response of the flame to upstream velocity perturbations, is de-
termined by acoustically exciting the flame with a siren [16]. The
normalized axial velocity fluctuations u′ref/ūref at a point 70mm
upstream of the beginning of the combustion chamber (marked
by a cross in Fig. 1) are related to the normalized integrated heat
release fluctuations Q′/Q̄ of the flame at discrete frequencies ωn:

F(ωn) =
Q′(ωn)/Q̄

u′ref(ωn)/ūref
,ωn ∈ R. (1)

The velocity signal was captured by a CTA probe and the heat
release by a photomultiplier with an interference filter attached
(centered on a wavelength of 307.1+3/−0nm; half power band-
width of 10±2nm; transmission of 15%).

For the stable configuration with a short combustion cham-
ber LCC = 300, the FTF was measured for two power ratings 30
and 70 kW, each with the swirler mounted in the front and the
rear position, respectively. The results are again shown in Fig. 2
( symbol). For the front swirler position (left plots), the transfer
function has for both power ratings a single excess of gain at low

frequencies, followed by a smooth decay, while the phase can be
approximated with a constant negative slope.

For swirler mounted in the rear position the gain of the
FFR exhibits pronounced a and minima, which can be ex-
plained as the effect of constructive and destructive superposition
of several contributions with different time lags. As mentioned
in the introduction, the flame response of a swirl flame includes
contributions from acoustic and swirl waves [13, 18]. The dif-
ference in time lags is significantly larger for the rear swirler
position, which leads to more frequent extrema in gain due to al-
ternations between constructive and destructive interference (see
Blumenthal et al. [19]). For the swirler mounted in the rear po-
sition, the phase follows the same overall slope as for the front
position, but is distorted at several frequencies, i.e at 100 Hz for
the 30 kW and at 210 Hz for the 70 kW cases. The distorted fre-
quencies match with the local minima of the gain. This is a typ-
ical behavior of systems which are governed by processes with
different time scales, c.f. [20] for an illustrative example.

The increase of the power rating from 30 to 70 kW affects
noticeably the slope of the phase, since the characteristic time
delay of the flame changes. This is largely an effect of the change
in the flow velocity ūB and the flame length, as described by
Alemela et al. [21]. This is discussed in more detail below.

MODELING OF FLAME TRANSFER FUNCTION
As suggested by Subramanian et al. [22] a distributed time

lag model in the form of a stable rational function is used in this
work to model the flame transfer functino:

FM (ω) =
n

∑
k=1

Ck

iω−Ak
, ω ∈ C, (2)

where approximately n≈ 10 poles suffice to provide a good fit to
the measured flame transfer functions. Here, ω is the angular fre-
quency and i the complex unit. During regression all parameters
Ck and Ak are optimized such that the quadratic error between the
measured data and the model is minimized. According to Polifke
and Lawn [23], the frequency response at the low-frequency limit
ω = 0 should be 1, which corresponds to a gain value of 1 and a
phase value of 0. By adding these two data points to the exper-
imental data set, we ensure that the resulting FTF satisfies these
conditions.

The Bode plot of the resulting FTF for the 30 kW is shown
with the solid line in Fig. 2 (first two columns and first two
rows). Similarly, for the 70 kW case the corresponding FTF is
shown in Fig. 2 (last two columns and first two rows). Clearly,
the fitted models are in excellent agreement with the measure-
ments of the FFR. At frequencies higher than the plotted ones,
the model predicts a quick decay of the gain to 0. This agrees
well with the lo ss filter behavior of a realistic flame transfer
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