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1 Introduction

Swirl burners are often utilized in practical combustors, such as those found in gas turbines (GT), because swirl-
induced vortex breakdown presents an effective mechanism for flame anchoring and stabilization [1, 2]. Vortex
breakdown is often accompanied by coherent helical structures termed precessing vortex cores (PVC), which spiral
around the flame axis in the shear layer between the inflow and the inner recirculation zone [3]. While PVCs are
frequently identified in non-reacting swirl flows [4–6], their appearance in swirl flames has been reported to a
lesser extent [7, 8]. In several experimental and numerical investigations, it was shown that a PVC present in a
non-reacting flow can be suppressed by combustion [9–11].
The dynamics of the interaction between a PVC and a swirl flame was recently studied using high-speed imaging
measurements in a gas turbine model combustor for partially premixed flames [12,13]. These studies demonstrated
that the PVC has a strong influence on flame stabilization, local heat release rate, localized flame extinction, and
mixing. This resulted in a complex interaction between the PVC and thermo-acoustic oscillations. Generally,
from the knowledge about swirling flames, it can be concluded that the presence or absence of a PVC in a GT-like
flame changes the flame shape and dynamics significantly.
A different gas turbine model combustor for lean premixed swirl flames was developed by Turbomeca S.A. and
has been investigated in detail [14]. For a specific operating condition, numerical simulations predicted a PVC in
the non-reacting flow that was not present under reacting conditions [15]. Measurements, however, indicated that
the PVC was still present with the flame [16]. In the study presented here, the same combustor was investigated
under different operating conditions than before, under both reacting and non-reacting conditions. High-speed
stereoscopic PIV was used to measure the flow fields in both reacting and non-reacting cases and high-speed
chemiluminescence of the OH radical was used to measure the heat release in the reacting case.

2 Experiment and Diagnostics

2.1 Burner

A schematic overview of the experimental setup and a cross-section of the burner are provided in Figure 1.
The burner is based on an industrial design by Turbomeca S.A. and has been studied before both experimen-
tally [14, 16, 17] and numerically [15, 18]. Dry air at room temperature is fed via a plenum into 12 radial swirler
vanes. Fuel is injected directly at high momentum into the swirler vanes through 12 holes (1 mm in diameter).
This leads to relatively good mixing (’technical premixing’) of the fuel and air before they enter the combustion
chamber. The inner surface of the nozzle is formed by a conically shaped center body. The combustion chamber
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(a) (b)

Figure 1: a) Experimental setup b) schematic of the burner with the fields of view for the different measurement
techniques.

has a square cross section and consists of four quartz glass plates held in place by a steel post in each corner, thus
providing very good optical access. A steel top plate with an exhaust tube in the center forms the exit.
For the reacting case, the burner was operated with a CH4/air flame at atmospheric pressure (731 g/min air,
35.9 g/min CH4, φ = 0.82). For the cold-flow studies the fuel was replaced by a nitrogen surrogate at the same
volumetric flow rate. Pressure fluctuations in the plenum and in the combustion chamber were measured with two
microphone probes (Brüel & Kjær Type 4939).

2.2 Chemiluminescence and Planar Laser-Induced Fluorescence (PLIF)

The chemiluminescence signal of electronically excited OH (termed OH*) in the combustion chamber was im-
aged at a sustained repetition rate of 5 kHz with a high-speed CMOS-camera (LaVision HSS 5) that was equipped
with a two-stage lens-coupled intensifier (LaVision HS-IRO) and a fast f/1.8 UV lens (Cerco). The OH* chemi-
luminescence signal was isolated by using a high transmission band-pass filter, centered around 310 nm (Laser
Components GmbH). OH* was used as a qualitative marker of the heat release of the flame [19]. Simultaneous
with the OH* chemiluminescence, PLIF of OH was acquired at a sustained repetition rate of 5 kHz. However, the
PLIF measurements will be analyzed in a future study and will not be described here.

2.3 Particle Image Velocimetry (PIV)

The PIV system is based on a diode-pumped solid state (DPSS) dual-cavity laser (Edgewave IS6II-DE), operating
at 532 nm and delivering pulse pairs of approximately 2.6 mJ per pulse with an inter-pulse separation of 6 µs
repeating at 5 kHz. The laser beam was formed into an approximately 45 mm tall sheet with an approximately
1 mm beam waist in the test section using a three-component cylindrical telescope. Laser light scattering from
titanium dioxide particles (∼ 1 µm diameter) was imaged with a pair of high-speed CMOS-Cameras (LaVision
HSS 6 and HSS 8) in a stereo-configuration. Velocity vectors were computed via cross-correlation of the image
pairs using an adaptive multipass algorithm implemented in a commercial software package (LaVision DaVis 7.2).
The final interrogation box size was 16 x 16 pixels with a 50% overlap, resulting in a vector spacing of 0.5 mm
and a vector resolution of 1 mm. Laser light reflections off the nozzle caused a large number of spurious vectors
to be computed in an isolated region at the nozzle exit. The velocity data in this region was therefore excluded
from the subsequent analysis in post-processing.
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3 Results and Discussions

The average flow fields for the two examined cases are shown in Figure 2a and 2b. Both flows exhibit the typical
features of an enclosed swirl flow, namely an inner (IRZ) and an outer recirculation zone (ORZ) separated by a
conical region of high inflow-velocity. However, several differences are immediately recognizable between the
two cases. The inflow of the non-reacting case (Figure 2a) has a narrower opening angle, a lower peak velocity,

(a) Non-Reacting Mean Flow Field (b) Reacting Mean Flow Field (c) Reacting Mean OH* CL Signal

Figure 2: Average flow fields of a) the non-reacting and b) the reacting case. Color coded is the velocity magnitude
and overlayed are the flow contours. The black region indicates the region in which laser reflections caused a large
number of spurious vectors to be computed. c) average OH* chemiluminescence. Color coded is the normalized
signal intensity.

and penetrates less deeply into the combustion chamber at high velocity than the inflow of the reacting case (Fig-
ure 2b). The peak mean velocity magnitude in the the non-reacting case is approximately 27 ms-1, while that of
the reacting case is approximately 44 ms-1. This is mainly due to the higher temperature and thus lower density
in the reacting flow. In the non-reacting flow, the center of the IRZ is located close to the nozzle, at a height of
approximately 20 mm, while the center of the IRZ for the reacting flow is out of the PIV field of view and thus
located higher than 45 mm. In Figure 2c, the average OH* chemiluminescence signal is shown. The flame had
a conical shape, with the main heat release zone at an axial location between approximately 25 mm and 55 mm
above the nozzle. The flame brush extends to y≈ 65 mm above the burner exit plate and reaches all the way down
into the nozzle. Note that the slight differences in signal intensity on the right and left sides of the image result
from a slight asymmetry that is intrinsic to the inflow of the burner. This is also the reason for the left-to-right
asymmetry that can be seen in the flow fields.
The frequency spectra of the acoustic signals from the combustion chamber and from the plenum for the two
different flows are shown in Figure 3. For the non-reacting case, the pressure signal of the plenum shows no

(a) Non-Reacting Plenum (b) Non-Reacting Comb. Chamber (c) Reacting Plenum (d) Reacting Comb. Chamber

Figure 3: Frequency spectra of the acoustic signals from the plenum and from the combustion chamber for a),b)
the non-reacting case c),d) the reacting case.

dominant frequencies, while the combustion chamber signal features a dominant mode at 529 Hz. This mode
was associated with a precessing vortex core (PVC) structure, as will be shown later. The existence of a PVC in
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the non-reacting case was predicted by large eddy simulation (LES) [15] and has been observed in the reacting
flow [16], albeit under different flow conditions than presented here. For the reacting case, an acoustic pulsation
can be seen in both the combustion chamber and the plenum at a frequency of f≈ 365 Hz. The second harmonic
of this mode, at f≈ 730 Hz, also can be seen in the combustion chamber. However, the sound pressure level is
relatively low in comparison to other flames studied in this burner [14, 16, 17]. Note that the sound pressure level
of the acoustic pulsation is several orders of magnitude larger than the acoustic signal from the PVC.
It has been shown in previous studies that the dominant acoustic frequency is caused by a feedback loop that can
be described by an oscillating fuel supply in combination with a convective time delay [14].
To get a deeper insight into the nature of the dominant flow structures, a proper orthogonal decomposition
(POD) [20, 21] analysis on a temporal sequence of the vector fields was performed, yielding the eigenmodes
of the flow structures, their temporal coefficients, and their contribution to the turbulent kinetic energy. This math-
ematical tool facilitates the identification of the dominant flow structures and the frequencies of periodic motions.
Figure 4 shows the first three POD modes for the non-reacting (top row) and the reacting flows (bottom row), as
well as the profiles of the corresponding temporal coefficients. The flow is visualized by the out-of-plane vorticity.
In the non-reacting case, mode 1, which represents the average flow field, shows large scale vortical structures in

Figure 4: Vorticity fields of POD modes 1-3 for the non-reacting (top row) and the reacting (bottom row) flow and
a typical temporal sample of the corresponding temporal coefficients. Color coded is the vorticity in s-1.

the region of the inner (ISL) and outer shear layers (OSL) between the inflow and the recirculation zones. The
vorticity fields of mode 2 and 3 show a series of symmetric vortex pairs roughly in the position of the inflow. The
power spectra of the temporal coefficients of mode 2 and 3 (not shown) show a dominant frequency of 529 Hz,
which also was detected by the microphone in the combustion chamber. The profile of the temporal coefficients
of modes 2 and 3 are very similar in shape, with mode 3 leading mode 2 by approximately 90 °. The similarity in
shape and dominant frequency of the temporal coefficients of these modes, as well as the similarity in the spatial
structure, suggest that they represent the same coherent flow structure, which seems to resemble a PVC. This
vortex structure also can be directly identified in the instantaneous PIV vector fields. The frequency of the PVC
increases almost linearly with the volumetric inflow.
Mode 1 of the reacting case again represents the mean flow field and shows two elongated vortical structures in
the ISL and OSL. Modes 2 and 3 show small scale vortex structures in the region of the ISL and OSL, most prob-
ably caused by a fluctuation of the position of the shear layers throughout the acoustic cycle, as will be discussed
below. The dominant frequency of the temporal coefficients of the first 3 POD modes and the acoustic signal are
the same, namely 365 Hz. The larger vortical structures at y≥ 20 mm in mode 3 seem to be the result of a periodic
vortex shedding at this frequency. No evidence of a PVC is visible here. As predicted by LES, the PVC seems to
be supressed by the combustion.
The dynamic behavior of the PVC-like structure in the non-reacting flow is shown in Figure 5. Here, a phase-
correlated averaging of the flow field was performed to identify the PVC motion around the combustor [13]. The
velocity field measurements were phase-sorted (with respect to the temporal coefficient of mode 2 of the POD)
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(a) 30 ° (b) 70 ° (c) 110 ° (d) 150 ° (e) 190 °

Figure 5: Phase-averaged sequence of the PVC dynamics in the non-reacting flow. Color coded is the axial
velocity component in ms-1 and overlayed are the flow contours.

into 18 bins of 20 ° width. Color coded in the image series is the axial velocity component and overlayed are the
flow contours. A periodic vortex structure is visible in the region of the shear layer between the inflow and the
IRZ. This vortex structure represents a slice through the PVC that was identified in the POD analysis. One can
see the vortices forming at the base of the combustion chamber and then propagating upstream. The inflow gets
wrapped around those vortices.
Figure 6 shows an acoustically phase-averaged sequence of the flow field dynamics for the reacting case. The
procedure for the phase averaging was similar to that for the non-reacting case, with the phase angle being de-
termined from the acoustic measurements. One can see a change in the magnitude of the inflow and backflow
velocities in the IRZ throughout the image sequence. The opening angle of the inflow as well as its shape change
throughout the acoustic cycle. This radial movement of the inflow explains the small-scale vortical structures
in modes 2 and 3 of the POD analysis that were associated with a fluctuation of the shear layer positions. An
upwardly convecting symmetric vortex structure is apparent between the inflow and the IRZ. These vortices are
associated with a periodic vortex shedding, as was discussed in the POD analysis. The vortices seem to interact
with the inflow, i.e. the vortices drag the inflow inwards, and are thus again the reason for the radial motion of the
inflow.

(a) 10 ° (b) 50 ° (c) 90 ° (d) 130 ° (e) 170 °

Figure 6: Phase-averaged sequence of the flow field dynamics in the reacting flow. Color coded is the axial
velocity component in ms-1 and overlayed are the flow contours.

4 Conclusions

Simultaneous OH* chemiluminescence and stereoscopic PIV measurements have been performed at a sustained
repetition rate of 5 kHz in a technically premixed gas turbine model combustor. A confined swirling CH4 / air
flame, and a corresponding non-reacting flow were analyzed. The non-reacting flow contained a precessing vor-
tex core structure, which was identified using both proper orthogonal decomposition and phase averaged flow
field analysis. The flow field of the reacting case featured periodic vortex shedding in the inner shear layer that
interacted with the inflow. The PVC was damped out in the reacting case, as predicted by LES [15].
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