
INTERACTION OF VORTEX SHEDDING AND TRANSVERSE HIGH-FREQUENCY
PRESSURE OSCILLATIONS IN A TUBULAR COMBUSTION CHAMBER

Joachim Schwing∗, Thomas Sattelmayer
Lehrstuhl für Thermodynamik

TU München
Garching, Germany

Email: schwing@td.mw.tum.de

Nicolas Noiray
ALSTOM Power

Baden, Switzerland

ABSTRACT
Intense research on the thermoacoustic stability of premixed

gas turbine combustors in the past two decades has led to an
improved understanding of instabilities of longitudinal modes
in the sub-kHz range and predictive tools for thermoacoustic
stability analysis have also been developed. Circumferential
modes in annular combustors have been studied in the past as
well, even though to a much lower extent due to the high ex-
perimental effort. Combined experimental-numerical methods
for the low-frequency regime (i.e. acoustically compact flames)
are widely used. However, such experimental and numerical ap-
proaches with predictive capability have to be developed to also
address the high-frequency (HF) regime. An experimental study
of HF thermoacoustic coupling is presented in this paper. A
fully premixed swirl-stabilized flame at atmospheric condition in
a cylindrical combustion chamber is investigated. The test rig
is equipped with several dynamic pressure transducers to iden-
tify and reconstruct the acoustic field in the combustion chamber.
Planar information about the flame front location is obtained
from Mie-scattering and the flow field is measured with particle
image velocimetry (PIV). In the tests the first transverse mode
of the combustion chamber exhibits instability for a particular
operating condition, which leads to sustained limit-cycle pulsa-
tions. Mie-scattering images reveal periodic vortex shedding at
the outlet of the burner. PIV results provide quantitative infor-
mation on the strength of these coherent shear layer vortices.

∗Address all correspondence to this author.
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NOMENCLATURE
a Speed of sound
f Frequency
p Acoustic pressure
x Horizontal/burner axis
y Vertical axis
z Horizontal axis
D Diameter of flame tube

INTRODUCTION
With the introduction of premixed combustion in gas tur-

bines several decades ago, thermoacoustic instabilities have be-
come increasingly problematic. A wide range of methods for
the prediction of such instabilities have been developed, which
provide adequate methods for the description of wave propaga-
tion and thermoacoustic feedback [1]. Due to the yet unresolved
problem of deriving the flame response with sufficient preci-
sion from theory or computational fluid dynamics these tools are
mostly combined experimental-numerical approaches [2, 3] as-
suming compact flames. However, these approaches based on
transfer function models are restricted to low frequencies, i.e.
only applicable if the acoustic wavelength is much larger than
flame size. While numerous studies dealing with compact flame
combustion instabilities can be found in the literature, much less
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experimental work has been reported in the literature concerned
with HF-instabilities of premixed turbulent swirl flames.

Paschereit et al. [4] investigated high-frequency instabili-
ties when using partially premixed-diffusion flames in swirl-
stabilized combustors. The influence of transverse acoustic ex-
citation on annular jets is shown by O’Connor et al. [5]. Huang
et al. [6] and Huang and Yang [7] studied unsteady flow mo-
tions in swirl-stabilized combustion and identified helical vortex
structures and transverse pressure oscillations in their numerical
work.

The physical phenomena of unstable shear layers was inves-
tigated for the first time in history by Thomson (Lord Kelvin)
[8] and Helmholtz [9]. Even though the work of Kelvin and
Helmholtz is based on a much simpler configuration, similar ob-
servations were made – among others – in above-mentioned liter-
ature in swirl-stabilized flames. Perturbations of the shear layer
are convectively unstable. The perturbations grow, roll up and
form vortices.

The goal of this work is to present a well controlled ex-
perimental setup exhibiting a HF instability of a fully premixed
swirl-stabilized turbulent flame in a cylindrical chamber, and
to extract from combined acoustic-PIV measurements the driv-
ing mechanism leading to a strong self-sustained first tangential
eigenmode. The test rig is presented in the first section, followed
by the description of the measurement techniques used to inves-
tigate the combustion instability. Experimental results are then
analyzed and a feedback mechanism is proposed in the last sec-
tion.

EXPERIMENTAL SETUP
The experiments presented in the paper were made in a sin-

gle burner test rig. The plenum of the test rig is fed with the pre-
heated and premixing fuel air mixture. The fuel is injected into
the air in a prechamber. The injection holes are spread around
multiple positions in the prechamber. The prechamber is con-
nected to the plenum by a static mixer to ensure a homogeneous
mixture of fuel and air. The swirler is mounted in the plenum and
a mixing tube is mounted at its exit. At the downstream end of
the mixing tube at the transition to the combustor the flow cross
section changes abruptly in order to generate breakdown of the
swirling flow, which is required for the stabilization of flames in
swirl burners without centerbody. The plate between mixing tube
and combustion chamber is subsequently called front plate, also
known as dump plate in literature. The flow transition leads to
the typical recirculation zone in the center of the flow. A cylin-
drical flame tube is used as combustion chamber, which results in
simple acoustic mode shapes. The diameter of the flame tube is
D= 156 mm. The exhaust cooling, directly attached to the flame
tube, has the same diameter as the flame tube. Flame tube plus
exhaust cooling pipe are approximately 2 m long before dump-
ing the flow. The test rig is shown in Fig. 1. The mean flow is

FIGURE 1. Setup of test rig with (from left to right) plenum, mixing
tube, front plate, flame tube, and exhaust gas cooling.

directed from left to right. The plenum is to the left of the image,
followed by mixing tube, front plate, flame tube, and exhaust gas
cooler. The flame tube is manufactured in quartz glass. The front
plate is water-cooled and can be equipped with up to six dynamic
pressure sensors at its circumference. More information on the
test rig and the burner are presented in [10]. An analysis of the
mean flow field and of OH* chemiluminescence images can be
found there as well.

Dynamic pressure measurements
The dynamic pressure sensors are of type PCB

106B/064B06. The front plate and the five piezoelectric
sensors are water-cooled. The sensors are flush-mounted to the
front plate facing the flame. The probe volumes are located on
a circle with the diameterd = 124 mm in they-z-plane atx= 0,
when referring to the cartesian coordinate system in Fig. 2.
Looking in mean flow direction, i.e. inx-direction, the sensors
are mounted in the front plate at 2, 4, 6, 8, and 10 o’clock
position (60, 120, 180, 240, 300 degrees). Subsequently we
refer to the sensors as ‘Sensor 60,’ ‘Sensor 120,’ etc. Looking
through the quartz glass into the flame tube in Fig. 1 the front
of the sensors in the flame tube is visible. As all sensors are
located on the front plate, the longitudinal amplitude decay of
the excited first transverse eigenmode cannot be retrieved with
the current setup.

Optical measuring techniques
Besides acoustic measurements, optical techniques are used

to get information on the flow field and on the turbulent flame.
The flow is seeded with titanium dioxide particles. The beam
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FIGURE 2. Sketch of test rig showing swirler, mixing tube, and flame
tube (from left to right) with cartesian coordinate system in flame tube.

of a laser with two cavities operated at 10 kHz is widened to
a laser sheet, illuminating a single plane – thex-y-plane – in the
combustion chamber. The scattering image is recorded by a high-
speed camera. The optical axis of the camera is parallel to the
z-axis.

Mie-scattering images are recorded at 20 kHz and used to
extract density information and to differentiate between unburnt
mixture of fuel and air and combustion products. For more back-
ground information on this technique the reader is referred to
Gülder et al. [11] or Pfadler et al. [12].

Local flow velocities are measured by using particle image
velocimetry (PIV). The repetition rate of PIV is limited to 10
kHz. Fig. 3 shows the test rig equipped with the optical instru-
mentation. The high-speed camera is visible in the back behind
the quartz tube. On the top right the optics of the laser system is
apparent. The laser sheet is applied from top through the burner
axis. The optics is inclined, the laser beams are not perpendicu-
lar to the surface of the quartz tube, to avoid reflections and re-
fractions in the quartz glass tube. This is not necessary for pure
Mie-scattering images, but improves signal quality of detailed
PIV measurements. ‘Sensor 60’ is used as reference. To avoid
titanium dioxide particles entering and destroying the sensor, it
is permanently purged with a flow of air.

OH* chemiluminescence
OH* chemiluminescence is used as an indicator for heat re-

lease [13]. The OH* signal of the flame is recorded with a pho-
tomultiplier tube (PMT). The light is filtered by a narrowband
optical filter at a wavelength of 307 nm. The optical setup in
front of the PMT consists of multiple lenses and apertures to cre-
ate a narrow viewing angle [14]. The observed volume in the
flame corresponds to a cylinder with a diameter of 2 to 3 mm.
Thus the recorded signal is an integral value. The signal is used
to identify high-frequency fluctuations and to compare the mean
intensity and the intensity of fluctuations at multiple positions.
The PMT is mounted similar to the high-speed camera in Fig.
3. The axis of the cylindrical recording volume is parallel to the
z-axis. The horizontal (x-axis) and vertical (y-axis) position is
varied. When correlating the OH* chemiluminescence to pres-
sure, the Rayleigh criterion can be evaluated and the feedback

FIGURE 3. Setup of laser measuring technique with high-speed cam-
era (behind quartz tube), laser optics (top right), and air purged reference
pressure sensor (front of quartz tube).

of acoustics and heat release can be characterized [15, 16]. For
detailed analysis of mean OH* chemiluminescence intensity and
flame length it is referred to [10].

RESULTS AND DISCUSSION
The results presented in the following are obtained with the

test rig being operated at one single operating point. Air and fuel
are preheated to 300◦C. Natural gas is used as fuel. The equiv-
alence ratio of the mixture is one, thus the burner is operated at
stoichiometric conditions. The mass flow rate of air is set to 80
g/s.

Changing the mass flow rate or the inlet temperature, self-
excited instabilities are observed at slightly different stoichio-
metric ratios and frequencies. However, a detailed analysis of
different settings is not part of this study. It seems to be more
sophisticated to the authors to analyze the feedback mechanism
first and transfer the knowledge to different operating conditions
later.

Pressure measurements
The Fourier spectrum of the pressure signal recorded by

‘Sensor 60’ is shown in Fig. 4. The amplitude measured in dB
(SPL) is plotted as a function of the frequency. The plot of the
other four sensors is very similar and is thus omitted. The sixth
sensor position is occupied by a dummy equipped with thermo-
couples to measure the operating temperature of the sensors. All
five sensors clearly indicate a peak at 3.3 kHz. Harmonics are
observed and most probably result from nonlinear acoustic wave
propagation [17].
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FIGURE 4. Pressure amplitude as a function of frequency showing a
peak at 3.3 kHz.

Fig. 5 gives a closer look at the peak frequency and the sec-
ondary peaks, which are present in a±15 Hz range. These peaks
result from a low frequency modulation of the limit cycle am-
plitude. The amplitude is plotted in Pascal. The authors would
like to recall here, that a low-frequency modulation of the limit
cycle amplitude with the frequencyfa is different from a low-
frequency oscillation at the frequencyfa. The fourier transform
of a low-frequency oscillation results in a peak at the frequency
fa, where the modulation of the limit cycle amplitude results in
secondary peaks atf − fa and f + fa – besides a larger peak at
the frequencyf .

Back to Fig. 5, ‘Sensor 60’ and ‘Sensor 120’ deviate in their
maximum amplitude from the other sensors. This deviation is
reproducible if using the same physical sensor at the same physi-
cal position. From interchanging sensors it can be concluded that
the sensors show different temperature sensitivity, but the sensor
amplitudes were only calibrated at ambient temperature. Exact
calibration of the amplitude at high temperature is postponed as
phase information is more important in this context which does
not depend on the sensor’s temperature.

Fig. 6 depicts the phase angle of the pressure signals taking
‘Sensor 60’ as a reference. The frequency range on thex-axis is
identical to Fig. 5. The amplitude is represented by the grayscale,
black denotes maximum amplitude and white zero amplitude.
The phase difference between opposing sensors, ‘Sensor 60’ and
‘Sensor 240’ or ‘Sensor 120’ and ‘Sensor 300’, is 180 degrees
indicating a first transverse mode, referred to as T1 mode in the
following. The eigenfrequency of a T1 mode in a circular cylin-
der can be estimated to

fT1 =
αT1a
2πR

= 3305 Hz, (1)
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FIGURE 5. Pressure amplitude around the peak at 3.3 kHz.

3280 3290 3300 3310 3320 3330

−3

−2

−1

0

1

2

3

Frequency f [Hz]

R
el

at
iv

e 
P

ha
se

 A
ng

le
 a

rg
(p

) 
[r

ad
]

 

 

Sensor 60
Sensor 120
Sensor 180
Sensor 240
Sensor 300

FIGURE 6. Phase angle around 3.3 kHz with maximum amplitude in
black and zero amplitude in white.

whereαT1 = 1.841 is the characteristic value of the Bessel func-
tion of the T1 mode,a = 880 m/s is an estimate for the speed
of sound in the exhaust gas at a temperature of 2000 K, and
R= 78 mm denotes the radius of the cylindrical flame tube [18].
The value for the exhaust gas temperature results from a quali-
fied guess of the heat losses in the system but is not measured.
Thus fT1 has to be considered as a rough estimate itself. On the
other hand the frequencyfT1 is only the cut-on frequency of the
T1 mode. At freqenciesf > fT1 a mixed transverse-longitudinal
mode can establish in the chamber. Mixed modes are transverse
modes with a longitudinal component. Due to the current con-
figuration of the test rig the longitudinal wave length cannot be
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FIGURE 7. Acoustic pressure (a),y-component of the acoustic ve-
locity (b) of a T1 mode in combustor with temperature profile (c) in
x-y-plane. Minimum is marked black, maximum white. Pressure and
velocity are shifted byπ/2.

identified in the experiments.
But calculations from the design phase of the experiments

illustrate mixed modes, see Fig. 7. The acoustic pressure in the
x-y-plane is shown in Fig. 7 (a). Positive pressure amplitude is
marked white, negative amplitude black. On the nodal lines, e.g.
the x-axis, the amplitude of the acoustic pressure is zero. The
acousticy-velocity fluctuation is presented in Fig. 7 (b). The plot
of the velocity fluctuation is phase shifted byπ/2 compared to
the pressure field, as the velocity fluctuations are zero at maxi-
mum pressure and acoustic pressure is zero if the velocity fluc-
tuations are maximum. White denotes a positive y-velocity and
black a negative one. The presumed axisymmetric temperature
profile is depicted in Fig. 7 (c). Mean flow effects are neglected
when solving the time-harmonic formulation of the linearized
Euler equations.

Back to the experiments, the phase difference between
neighboring sensors in Fig. 6, which are spaced at a geometric
angle of 60 degrees, is 60 degrees and independent of frequency.
This means, that the T1 mode is a single rotating transverse mode
and the angular frequency of the rotation is identical to the fre-
quency of the pressure oscillation, i.e. 3.3 kHz. If the transverse
mode was a stationary and not a rotating mode, the plot, c.p. Fig.
6, would only show phase lags of 0 andπ . From the sign of the
phase difference in Fig. 6 it can be concluded, that the mode is
rotating counterclockwise if looking in mean flow direction. Di-
rection of swirl and rotational direction of the acoustic mode are
identical.

The rotating nature of the mode is a first indicator – but not

a proof – that the thermoacoustic coupling/damping is uniform
along the circumference, which was expected with such pure
symmetric geometry. Noiray et. al. [19] showed analytically, that
acoustic modes do not lock spatially, if the coherent heat release
response strength does not depend on the azimuth.

Summarizing above observations, measurements of the dy-
namic pressure show the existence of a self-excited counterclock-
wise rotating T1 mode in the flame tube.

Mie-scattering
The analysis of the Mie-scattering images is used to locate

unburnt and burnt mixture at a high repetition rate of 20 kHz
resolving all phenomena at the acoustic peak frequency of 3.3
kHz. Fig. 8 shows a single snapshot of the entire combustion
chamber. The bright horizontal lines are caused by reflections of
the laser sheet in the quartz glass tube. The mean flow is from left
to right. Unburnt gas, i.e. premixed air and fuel, is depicted white
and combustion products appear gray to black. The density of
unburnt gas is high, thus the amount of titanium dioxide seeding
per volume is large, which in turn leads to intense Mie-scattering.
Combustion products have a high temperature and a low density,
thus the amount of seeding particles per volume is low and the
intensity of scattered light is reduced compared to unburnt gas
[11,12].

Fig. 8 clearly indicates periodic structures of recirculated
combustion products (black) in the unburnt mixture of air and
fuel (white). The recirculation zones in the upper and the lower
half are in phase opposition, similar to the acoustics of the T1
mode in the considered plane, c.p. Fig. 7. The white square in
the image highlights the close-up view subsequently analyzed in
greater depth.

Fig. 9 shows a series of six Mie-scattering images equally
spaced throughout a complete 3.3 kHz cycle. Next to each scat-
tering image we show the reconstructed pressure signal in the
observed area at the front plate. The pressure field at the front
plate is reconstructed via the recording of the reference sensor
knowing the mode shape, rotation, etc. The signal of the refer-
ence sensor is Fourier transformed and decomposed into ampli-
tude and phase. The phase is shifted according to the geometric
angle, the amplitude is kept constant as the radius of the recorded
position is already correct. The modified phase is then combined
with the amplitude, obtaining the time trace of the pressure signal
when applying the inverse Fourier transform. The reconstruction
was validated with the signal at different positions when using
no seeding in the flow.

The current pressure value in Fig. 9 is indicated with a cir-
cle. The white line to the left of each scattering image results
from the light scattered by the front plate and it can be used as
a reference to locate the shear layer position with respect to the
mixing tube outlet. The lower left triangle of the images is al-
most dark, because this part is not directly illuminated by the
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FIGURE 8. Mie-scattering image of complete flame tube.

laser sheet to avoid reflections from the quartz tube.

The observations made in the scattering images concentrate
on the upper shear layer, i.e. the layer between unburnt gas and
combustion products in the outer recirculation zone. The posi-
tion of the shear layer close to the front plate oscillates in phase
with the pressure. At maximum pressure it is at its maximum ra-
dius (high up in Fig. 9 (a)), at minimum pressure it is located at
its minimum radial position (far down in Fig. 9 (d)). During the
transition from minimum to maximum pressure (Fig. 9 (e) and
(f)), combustion products are engulfed in the moving unburnt
mixture at the front plate. Subsequently, the engulfed recircu-
lated combustion products are convectively transported with the
mean flow. In the first three images (Fig. 9 (a) to (c)) it is ap-
parent that the engulfed combustion products separate from the
front plate. In the last image (Fig. 9 (f)) the next recirculated
combustion product zone is generated with increasing pressure.

From the Mie-scattering images we conclude, that combus-
tion products are periodically engulfed by the unburnt mixture of
fuel and air. This happens at the outer shear layer of the swirl
flow, where the unburnt mixture enters the combustion cham-
ber. The pocket of combustion products is then convected down-
stream by the mean flow. No coherent structures were observed
at the inner shear layer of the swirl flow, the shear layer between
unburnt mixture and the inner recirculation zone.

Particle image velocimetry
PIV measurements were done to clarify the nature of the

pocket of combustion products and to investigate the interaction
of acoustics and flow at the front plate. For mean velocity fields
it is referred to [10]. The plots in Fig. 11 depict a series of three
successive shots. It is obvious, that three vector fields per cycle
are not sufficient to completely resolve the observed phenom-
ena. However, the repetition rate is limited by the available hard-
ware. Thus the conclusions are drawn from multiple shots, but
for convenience only one cyle is presented. The recorded vector
fields (Fig. 11) show in detail the interaction of acoustic veloc-
ity, unburnt mixture, and outer recirculation zone, in particular
the separation of the recirculated, engulfed combustion products
at the front plate. The zones of reciculated combustion products
are clearly identified as vortices. The vortices are convectively
transported as exposed to a mean flow. Please note that Fig. 11
shows absolute velocity vectors and the center of a vortex has
only zero velocity in the relative frame.

The velocity vectors in Fig. 11 (a) are mainly directed up-
wards, in particular in the outer recirculation zone (top half). In
general one would expect a velocity component downwards in
the outer recirculation zone. In the unburnt mixture (lower half)
the mean flow still dominates, but – in particular when compar-
ing to the subsequent subfigures – the upward tendency is appar-
ent. From pressure measurements it can be concluded that Fig.
11 (a) corresponds Fig. 9 (f). The acoustic pressure is close to
zero, the acoustic velocity is at its maximum amplitude and di-
rected upwards. As velocity vectors in the recirculation zone are
directed upwards, the acoustic velocity dominates over the flow
of the outer recirculation zone.

At the corner of the front plate, where unburnt mixture enters
the flame tube, the flow velocity of the unburnt mixture is very
high. Thus the acoustic velocity is not able to force the flow to at-
tach to the front plate directly. A zone of recirculated combustion
products remains at the corner and is surrounded by unburnt gas,
which attaches to the front plate further up. An engulfed region
of combustion products is generated and forced to rotate by the
passing unburnt gas, thus a vortex is formed. Fig. 10 illustrates
the process leading to zones of engulfed combustion products.
The arrow marked with the character ‘a’ visualizes the deflection
of streamlines, whereas combustion products remain at the front
plate.

In Fig. 11 (b) the formation of a vortex at the front plate is
apparent. This step corresponds to Fig. 9 (b). The sign of the
acoustic velocity has turned. The acoustic velocity is directed
downwards. A zone of recirculated combustion products has sep-
arated from the outer recirculation zone. This is illustrated by the
arrow ‘b’ in Fig. 10.

Fig. 11 (c) corresponds to Fig. 9 (d). The vortex was forced
downwards and is convected with the mean flow. The acoustic
velocity is close to zero as the pressure is at one of its extrema.
As the velocity field is not superimposed by the acoustic veloc-
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FIGURE 9. Mie-scattering images compared to high-frequency pressure oscillations.
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FIGURE 10. Sketch of interaction of flow and acoustics leading to
the formation of engulfed combustion products and vortices.

ity in Fig. 11 (c), the flow field in the outer recirculation zone
and around the vortices is evident. This step is illustrated by the
arrow ‘c’ in Fig. 10.

In summary, PIV and Mie-scattering indicate clearly, that
the vortices are generated by the interaction of the acoustic ve-
locity and the mean flow at the corner of the front plate, where
unburnt mixture enters the flame tube. The acoustic velocity trig-
gers this phenomenon. The vortices with engulfed combustion
products are convectively transported with the unburnt mixture.
Due to the limitations by the available hardware it was not pos-
sible to obtain a higher temporal resolution of the phenomenon.
Phase locked measurements could compensate for a low repeti-
tion rate. As the position of the outer shear layer varies due to
turbulence, the exact position of the vortices is not constant all
the time but stochastically distributed. Thus the evaluation of
phase locked data is very costly and hard to interpret.

OH* chemiluminescence
As mentioned above, OH* chemiluminescence of the flame

is used as an indicator for heat release here. Planar laser-induced
fluorescence (PLIF) of OH would be favorable, but will only be
realized in the future. Fig. 12 shows the recorded signal at multi-
ple positions. The horizontal axisx is parallel to the burner axis
and they-axis is perpendicular to it, c.p. Fig. 2. The origin of
the coordinate system is in the center of the tubular quartz glass
combustion chamber at the inlet plane. The intensities are nor-
malized, the mean values to the maximum measured mean value
and the fluctuating OH* values to the maximum amplitude of the
fluctuations around 3.3 kHz. The maximum value or amplitude
is drawn in black. No intensity is represented by white.

Mean intensities (squares) are zero in the outer shear layer,
e.g. atx = 15 mm andy > 45 mm. In the inner shear layer
mean intensities are significantly larger, seex = 15 mm and
y< 45 mm. Due to line-of-sight integration mean intensities do
not vanish at the axis of the flame, i.e.y = 0 mm. Fluctuations
around the frequency of 3.3 kHz (bullets) peak in the inner shear
layer. The maximum intensity of fluctuations are observed near
x = 25 mm andy = 40 mm. The intensity of the fluctuation is
approximately 15 percent of the mean amplitude there. At the
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FIGURE 11. Flow field measured by PIV.
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FIGURE 12. Intensity of mean and fluctuating OH* chemilumines-
cence recorded with photomultiplier using optics with narrow viewing
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axis of the flame, fluctuations are zero as positive and negative
contribution cancel when integrating along a line of sight.

The phase information of OH* chemiluminescence fluctua-
tions is not shown here explicitly: The phase obtained from the
Fourier transform of time series with regard to pressure readings
does not depend on the location. The simultaneously with the
OH* chemiluminescence recorded pressure signal – the pressure
is recorded approximately atx = 0 mm andy = 62 mm – is in
phase with the OH* chemiluminescence around a frequency of
3.3 kHz when evaluating the Fourier spectra. Fig. 13 shows a
bandbass filtered time trace of pressure and OH* signal. The
time series is bandpass filtered from 1500 to 5000 Hz, which
does not remove any essential information when showing a mod-
ulation of the limit cycle amplitude. Bandpass filtering is mainly
done to set the mean value for the pressure and the OH* chemilu-
minescence to zero to simplify reading. The interaction of OH*
chemiluminescence and pressure is obvious: If OH* signal and
pressure are in phase, pressure and OH* amplitudes grow as in-
dicated by the Rayleigh criterion for thermoacoustic instabilities.
If they are out of phase, pressure amplitudes start decaying until
oscillations are in phase again. Here the authors would like to
recall Fig. 5, in particular the secondary peaks related to a low-
frequency modulation of the limit-cycle amplitude. The mod-
ulation of the amplitude originates from the interaction of heat
release and acoustic pressure.

Feedback mechanism
Finally, a feedback mechanism leading to the HF thermoa-

coustic instability can be proposed. The mechanism is based on
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FIGURE 13. Bandpass filtered pressure and OH* chemiluminescence
signal with passband from 1500 to 5000 Hz.

the observations presented above. The transverse acoustic mode
in the flame tube triggers the vortex shedding at the inner corner
of the front plate, i.e. the shear layer between the unburnt mix-
ture and the outer recirculation zone, where the unburnt mixture
enters the combustion chamber: The acoustic velocity deflects
the flow of unburnt mixture. As the momentum of the unburnt
mixture is high, the flow of unburnt mixture does not attach to the
front plate directly when driven upwards. The terms upwards and
downwards refer to the situation as depicted in Fig. 10. The flow
separates at the corner, a small zone of recirculated combustion
products is formed as the unburnt mixture attaches further up to
the front plate, initiating the vortex generation.

The vortical structures containing combustion products are
forced downwards, as soon as the direction of the acoustic ve-
locity turns. The vortices are exposed to the flow of unburnt
mixture. The vortices are then convectively transported with
the unburnt mixture. From the evolution of the vortices seen in
the Mie-scattering images and the position of maximum heat re-
lease fluctuations, it is presumed that impinging on the flame,
these coherent structures are driving the fluctuating heat release
rate which in turn amplifies the amplitude of the T1 mode. To
strengthen this hypothesis PLIF will be used in the future to an-
alyze the flame and, as in the present configuration the flame is
not compact, local Rayleigh indices will be used to quantitatively
estimate the thermoacoustic coupling strength [20,21].

CONCLUSIONS
A self-excited transverse acoustic mode in a cylindrical

combustion chamber is investigated. It is shown that the domi-
nating first transverse mode is rotating. Mie-scattering images,
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recorded at a repetition rate of 20 kHz, show a periodic forma-
tion of pockets with combustion products in the unburnt mixture,
which are convectively transported with the mean flow. Forma-
tion of pockets of combustion products and pressure oscillations
are in phase. With PIV measurements the mechanism responsi-
ble for the formation of combustion product zones is illustrated.
The acoustic fluctuation triggers the generation of vortices in the
shear layer between burnt and unburnt mixture at the front plate,
where the unburnt mixture enters the flame tube. The position
of the core of the vortices coincides with the combustion product
pockets. These vortices, convected forward, are interacting with
the flame. The resulting coherent heat release fluctuations locally
– as well as in an integral sense – satisfy the Rayleigh criterion
leading to the growth of the acoustic oscillations until saturation
leads to a stable limit cycle.
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