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The thermoacoustic coupling caused by dynamic flow/flame interactions was investigated in a gas-turbine model

combustor using high-repetition-rate measurements of the three-component velocity field, OH laser-induced

fluorescence, and OH* chemiluminescence. Three fuel-lean, swirl-stabilized flames were investigated, each of which

underwent self-excited thermoacoustic pulsations. The most energetic flow structure at each condition was a helical
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local acoustic energy transfer from the thermoacoustic coupling
[#�x�] is determined by the local integral of the pressure p and
volumetric heat-release _q fluctuation, with the net energy transfer
given by the integral over the combustor volume:
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This is referred to as the Rayleigh integral and shows that energy is
locally transferred to the acoustic field when the phase shift between
the heat release and the pressure oscillations is less than 90�.
Otherwise, energy is transferred away from the acoustic field. The
system is unstable and the oscillations grow when �>D. Early-
design prediction of thermoacoustically unstable conditions there-
fore requires prediction of the heat-release fluctuation distribution
and its local phase shift relative to the combustor acoustics.

This is not yet possible in practical systems due to the complex
thermofluidic processes required to stabilize low-emission, fuel-lean
flames in gas-turbine combustors. A common flow configuration for
flame stabilization in low-emission combustors involves swirling
premixed or partially premixed reactants tangentially around the
nozzle axis [4,9–12]. Swirl-induced vortex breakdown in these
combustors leads to the formation of a large central recirculation
zone (CRZ) downstream of the nozzle exit that transports hot
products back to the flame root, stabilizing the combustion [13,14].
The swirling flow also may lead to the formation of unsteady, large-
scale, helical vortex cores (HVCs) [10,13,15–24]. These three-
dimensional dynamic flow structures circumscribe the nozzle and
affect the mixing and combustion processes. Periodic heat-release
oscillations therefore do not occur simultaneously everywhere in the
combustor or in radially symmetric patterns, but instead have
complex amplitude and phase distributions that are determined by
the local dynamic interaction of flow structures with the flame and
acoustics. Furthermore, the behavior, shape, and even existence of
such structures can depend on the combustor and acoustics. In recent
measurements, Lacarelle et al. [23] found that helical modes that
were present in an unforced swirl flame did not occur when the flow
was forced at the natural frequency of the combustor. However, these
modes reappeared when the system was forced at higher frequencies.
Computational studies have shown that helical structures that are
present in nonreacting flows can be damped by combustion [13] or
low-frequency oscillations [24].

In this work, swirl-flow/flame interactions, their effect on the heat
release, and the resultant thermoacoustic coupling are investigated in
a gas-turbine model combustor (GTMC). The burner is a modified
version of a practical gas-turbine combustor that was operated with
swirl-stabilized, partially premixed, methane-air flames at atmo-
spheric pressure. Such GTMC conditions bridge the gap between
fundamental combustion experiments and large-scale experiments at
industrial conditions, allowing flames that exhibit many features of
practical systems to be studied in well-controlled, rigorously defined,
and highly repeatable laboratory conditions. Furthermore, GTMC
flames allow for the application of many advanced laser diagnostics
techniques that are impractical at industrial operating conditions,
thus providing significant physical insight and detailed model
validation data.

Several experimental investigations have previously been
conducted on this burner over a range of operating conditions and
using various laser-based diagnostics [14,25–32]. Under some con-
ditions, flames in this combustor undergo large-amplitude self-
excited thermoacoustic oscillations, whereas under other conditions,
the flames operate stably. A CRZ and HVC have been observed at all
conditions, regardless of the thermoacoustic behavior. This burner
therefore provides an optimal configuration with which to study the
influence of these flow features on thermoacoustic instabilities. Here,
data from high-repetition-rate laser diagnostics are used to study
thermoacoustic coupling in three flames with various amplitude
thermoacoustic pulsations.

The flame structure in this burner was elucidated by Weigand et al.
[14] and Meier et al. [26] using OH/CH planar laser-induced fluo-
rescence (PLIF), laser Doppler velocimetry, and Raman scattering. It

was found that the flame did not stabilize directly on the fuel nozzle,
but was lifted by several millimeters, allowing the fuel and air to
partially premix before combustion began at the flame root. The
combustion behavior in the near field of the nozzle was influenced
both by mixing and finite rate chemistry. Reactions occurred in thin
layers and strong turbulence-chemistry interactions were observed to
cause local corrugation and extinction of these layers.

Such interactions were further elucidated by Sadanandan et al.
[27] and Stöhr et al. [28] using stereoscopic particle image
velocimetry (PIV) and OH-PLIF. It was shown that the dominant
flow structure was a helical vortex that circumscribed the burner
nozzle at a frequency that was independent of the acoustics.
Considerable mutual interaction between this HVC and flame was
observed. Note that in previous work, this vortical structure was
referred to as a precessing vortex core. However, precession of the
vortex core about the nozzle axis (i.e., change in the orientation of the
rotation axis) describes the motion of only a segment of the structure
at the nozzle exit. The term HVC is used in this work as we will be
interested in the dynamics of the entire flow structure, the majority of
which rotates about the central axis.

Recently, Boxx et al. [29] and Stöhr et al. [30] studied this
combustor using high-repetition-rate laser diagnostics. Stereoscopic
PIV, OH-PLIF, and OH* chemiluminescence diagnostics all were
applied at a sustained repetition rate of 5 kHz. This allowed
qualitative observation of several important flow/flame interactions,
including flame roll-up, local extinction, and possible autoignition
events. However, the high through-plane motion caused by the
swirling flow leads to difficulty in interpreting individual time



different flames (summarized in Table 1) are studied here, each of
which underwent thermoacoustic pulsations of different amplitudes.
Each flame had a single pulsation amplitude. Flame 1 had a thermal
power of Pth � 7:6 kW, an equivalence ratio of �� 0:55, and was
close to the lean blowoff limit. This flame would periodically (1–2
times per second) lift off of the burner nozzle for approximately 0.1 s
and then reanchor. The liftoff and reanchoring has been investigated
elsewhere and is not the focus of the present work [30]. Instead, only
temporal segments during which the flame was stably attached to the
nozzle will be used. Such temporal segments were typically between
0.5 and 1 s in duration and therefore provided several thousand
frames of continuous data from the high-repetition-rate diagnostics.
Furthermore, all processes in the combustor during these time
segments were steadily periodic at distinct frequencies. Flame 1 was
the quietest flame studied, with a root-mean-square (rms) pressure
fluctuation magnitude of p0 � 85 Pa (132.6 dB) at a frequency of
fa � 302 Hz. Flame 2 was operated at Pth � 10 kW and �� 0:65.
This flame exhibited slightly stronger pressure oscillations of p0 �
130 Pa (136.3 dB) at 305 Hz. Flame 3 also was operated at
Pth � 10 kW, but with an equivalence ratio of �� 0:75, and
underwent stronger thermoacoustic pulsations of p0 � 220 Pa
(140.8 dB) at 308 Hz. The swirl number for all flames was estimated
in earlier work from the ratio of the tangential and axial momentum
fluxes as S� 0:55. Detailed measurements of the boundary condi-
tions and thermochemical state have been performed forflames 1 and
3 using laser Doppler velocimetry and Raman scattering and are
available from the authors for simulation development and validation
[14,26].

All of the flow rates _m listed in Table 1 were controlled using
electromechanical mass flow controllers (Brooks) and monitored
using calibration standard Coriolis mass flow meters (Siemens
Sitrans F C) with an uncertainty of 1.5%. For all cases, the burner was

allowed to thermally stabilize at full power for at least 20 min before
data acquisition. During a data-acquisition run, approximately 4% of
the air mass flow was diverted through a fluidized bed particle seeder
containing 1 �mTiO2 particles to enable thevelocity measurements.
The airflow was seeded only during the short data-acquisition



HSS5). Laser pulse pairs (532 nm, 2:6 mJ=pulse, 14 ns pulse
duration, 20 �s between pulses) repeating at 5 kHz were expanded
into a collimated sheet using a two-component cylindrical-lens
telescope. The sheet was then focused to a width of 0.7 mm at the
burner axis using a third cylindrical lens. Particle-scattered light from
the TiO2 seed was collected into the cameras using 100-mm-focal-
length commercial camera lenses set to f5.6 (Tokina).

The pair of CMOS cameras were mounted equidistantly from
opposite sides of the laser sheet in a forward-scatter configuration.
Image defocusing due to the angular configuration was corrected by
rotating the camera body with respect to the lens as stipulated by the
Scheimpflug criterion. Perspective distortion brought about by this
configuration was corrected by imaging a three-dimensional dot
target (LaVision type 7) that was placed in the measurement plane.
The distorted dot target was transformed to a normal coordinate
system using the LaVision DaVis 7.2 software package. The same
target images were used to align the fields of view from the PIV
cameras with that from the PLIF camera described below.

Vector fields were computed from the particle image spatial cross-
correlation using the LaVision DaVis 7.2 software package. An
adaptive multipass vector evaluation technique was used, with
interrogation boxes ranging from 64 to 16 pixels. In dual-frame mode
at 5 kHz, the PIV cameras had an active sensor size of 512�
512 pixels. The field of view imaged by the PIV system was 32 �
30 mm (shown in Fig. 1), resulting in a spatial resolution and vector
spacing of approximately 0.94 and 0.47 mm, respectively. Each
camera had 2.6 GB of memory, allowing 4096 image pairs to be
obtained over a measurement duration of approximately 0.8 s.

C. Planar Laser-Induced Fluorescence and Chemiluminescence

Laser-induced fluorescence was used to measure the planar
distribution of the OH combustion radical and was conducted
simultaneously with the PIV measurements. The OH-PLIF system
consisted of a high-repetition-rate, frequency-doubled Nd:YLF laser
(Edgewave IS-8IIE) pumping a dye laser (Sirah Cobra-Stretch
modified for kilohertz pumping). At 5 kHz, the pump laser delivered
3:8 mJ=pulse (19 W average output) at 523 nm with an 8.5 ns pulse
duration. The output of the dye laser was frequency-doubled and
tuned to excite theQ1�7� line of the A-X (v0 � 1, v00 � 0) transition of
OH at 283.2 nm. Tuning of the laser wavelength was checked daily
using a calibration burner. After frequency doubling, the average
output power of the dye laser at 283.2 nm was 0.5 Wor 0:1 mJ=pulse.
The laser beam was formed into a sheet with a height of
approximately 40 mm and a waist of approximately 0.4 mm using
three cylindrical lenses. The pixel resolution of the camera was
considerably smaller than the sheet thickness, which set the limiting
resolution. This sheet was overlapped with the PIV laser sheet using a
dichroic mirror and sent into the test section along the same beam
path.

Fluorescence of the OH radical in the range of 310 nm was
acquired with a CMOS camera (LaVision HSS6) equipped with an
external, two-stage, lens-coupled intensifier (LaVision HS-IRO) and
a 45 mm f1.8 UV lens (Cerco). The intensifier gate time was set to

500 ns and the PLIF laser pulse occurred between thefirst and second
PIV laser pulses on each cycle. The field of view imaged by the PLIF
system covered the entire width of the combustion chamber (85 mm)
and extended from the nozzle exit to a height of 40 mm.

Background luminosity and elastic scattering were reduced by
using a 500 ns intensifier gate, a high-transmission (greater than 80%
at 310 nm) bandpass interference filter (Laser Components GmbH),
and a color glass filter (1-mm-thick WG295 Schott glass). The OH
images were corrected for the mean laser sheet intensity profile,
which was determined based on 1000 images of the fluorescence
from a uniform acetone vapor that was doped into the test area. A
correction also was made to remove the mean flame luminosity. The
PLIF images were filtered with a 0.4 mm Gaussian filter (same width
as the sheet thickness) before further analysis to reduce high-
frequency pixel noise.

Since the chemical reactions in these flames occur in thin layers
[14], the local heat-release rate is the product of theflame surface area
and the reaction rate per unit area. However, OH radicals exist not
only in regions of heat release (i.e., the flame surfaces), but also in hot
gases above a temperature of approximately 1500 K [27]. The PLIF
signal from OH radicals therefore exists as broadly distributed
regions. The topography of the flame surface can be mapped from
these regions due to the fact that the OH signal increases rapidly in the
heat-release zone to superequilibrium concentrations before relaxing
back to equilibrium at a relatively slow rate in the postflame gases.
Hence, the flame surface is associated with regions of high OH
gradient. Steinberg et al. [31] developed a robust algorithm to
determine the flame topography and reduce it to mathematical
contours by simultaneously considering the OH signal, gradient, and
profile curvature. This algorithm is used here to compute the topog-
raphy of the reaction layers, each of which was treated as an
individual parametrically defined contour, f�’� � xf�’�êx�
yf�’�êy, where êx and êy are the respective unit vectors in the
radial and axial directions. The algorithm is able to detect and
disclude locally extinguished regions and nonburning interfaces
between hot gas mixtures and reactants. It is noted thaD
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integrating the positive axial velocity across the nozzle exit.
Magnitudes of the rms volume flux oscillations normalized by the
long time averages taken over hundreds of thermoacoustic cycles,

denoted by � �$�, are listed in Table 2. As can be seen, the pressure
oscillations caused large flow-rate oscillations, reaching values of
over 50% of the mean in flame 3.

Furthermore, it was previously demonstrated that the observed
coherent structure in flame 3 was a large-scale HVC that circum-
scribed the burner at a frequency that was different from and greater
than that of the thermoacoustic pulsations (fh > fa) [29,31].
However, the HVC underwent a periodic deformation (i.e., axial
extension and contraction) over the thermoacoustic cycle (at fa). The
heat-release centroid xqc circumscribed the burner at the difference
between the HVC and thermoacoustic frequencies (fqc � fh � fa)
[31]. The HVC has been observed under all operating conditions



amplitude dynamics, and the HVC in flame 3 exhibited the largest-
amplitude dynamics.

As previously shown by Steinberg et al. [31] and mentioned
above, the OH* chemiluminescence measurements in flame 3
showed that the heat-release centroid circumscribed the burner at
fqc � 207 Hz, which can now be identified as the difference between
the HVC frequency (fh � 515 Hz) and the thermoacoustic
frequency (fa � 308 Hz). The power spectrum of the radial heat-
release centroid location for each flame is shown in Fig. 6 and the
frequency of the spectral peaks are listed in Table 2. As in flame 3, the
heat-release centroid in flames 1 and 2 circumscribed the burner at
the difference between their respective HVC and thermoacoustic
frequencies. Furthermore, the amplitude of the radial centroid
motion increased fromflame 1 toflame 3. It will be shown in Sec. V.A
that this motion is related to the axial dynamics of the HVC and
therefore increases with thermoacoustic amplitude.

IV. Doubly-Phase-Resolved Analysis

Since the interaction of the HVC and the flame over an acoustic
cycle has a large effect on the heat-release rate, correctly interpreting
the flow and combustion from planar measurements requires
simultaneous consideration of both the pressure fluctuation and the
azimuthal position of the HVC with respect to the measurement
plane. This can be achieved by resolving the temporal measurement
sequence with respect to the phase of both phenomena [31]. The
phase in the acoustic oscillation (�a) was determined from the
plenum microphone measurements, and phase of the HVC motion
(�h) was measured from the temporal coefficient of the first POD
mode, which was sinusoidally periodic over the HVC motion around
the combustion chamber [31]. For each process, the time at which the
signal crossed zero from positive to negative was taken as the
beginning of a cycle. Any measured variable � can then be

decomposed into three parts, a long time average �
$

, a doubly-phase-
resolved mean oscillatory component �ap��a; �h�, and a turbulent
fluctuation �t�t�, such that

��t� � �
$
� �ap��a; �h� � �t�t� (2)

Note that the HVC phase angle is a measure of the position of the
HVC from an arbitrary starting point relative to the measurement
plane. The choice of this starting point does not affect the results as
long as a consistent definition is used.

For the purposes of statistical analysis, each cycle of each process
was divided into eight discrete phase angles, shown in Fig. 7, and the
actual phase angles of the instantaneous measurements correlated
with the closest combination of discrete phase angles. This resulted
in 64 phase-angle combination pairs describing the repeatable
combustor dynamics. Throughout the remainder of the text, all phase
angles will be given in terms of the numbering scheme in Fig. 7. For
notational convenience, the sum of the long time average and doubly-
phase-resolved component will be denoted as

�
$ ap��a; �h� � �

$
� �ap��a; �h� (3)

Steinberg et al. [31] showed that the doubly-phase-resolved

statistics, namely, �
$ap
��a; �h�, provide a good representation of the

repeatable flow and flame configurations, where the flow is
represented by �� u and the flame is represented by the flame
surface density (FSD) field, ���. The flame surface density
describes the area of the reaction layers (Af) in a given volume (�V)
and is given by �� �Af=�V. Here, the two-dimensional, doubly-
phase-resolvedflame surface densityfield was calculated by dividing
the measurement domain into 2 � 2 mm cells and determining the
doubly-phase-resolved mean reaction-layer length in each cell. A
discussion of the statistical uncertainty in the doubly-phase-resolved
analysis is given in Appendix A.

Fig. 6 Power spectra of the radial location of the intensity-weighted

heat-release centroid in all flames (xqc).

Fig. 5 Dynamics of the helical vortex core reconstructed from the

zeroth–10th modes of the POD in flames 1 and 3 (u10�t��, both of which
had frequencies of approximately 500 Hz. The HVCs circumscribed the

nozzle in 2 ms and the HVC for flame 3 exhibited axial dynamics that

were periodic over the thermoacoustic cycle. The flow is visualized in

terms of the resolved vorticity!z between�20; 000



V. Oscillatory Flow and Flame Dynamics

A. Qualitative Analysis of HVC and Flame Behavior

The above discussion illustrates some of the complex flow and
flame processes occurring in this combustor. Understanding such
processes is necessary in order to describe the fluid mechanical
mechanisms affecting the thermoacoustic instability. However,
before quantitatively analyzing these processes, it is informative to
qualitatively observe their thermoacoustically coupled dynamics. To
aid in this visualization, the doubly-phase-resolved statistics will be
used to reconstruct the oscillatory flow and FSD behavior in three
dimensions at each discrete phase angle over the thermoacoustic
cycle. For a fixed �a, the statistical variation of the flow and flame
with changing �h represents different slices of the average 3-D fields
at that �a. The HVC phase can be thought of as representing the
physical angle in the combustor through which each slice is acquired.
For example, at �a � 3, the doubly-phase-resolved planar fields of

u
$ap
y (�a � 3,�h � 1 . . . 8) represent eight different slices of the mean

3-D axial velocity field at the minimum of the pressure cycle. The
3-D structure of the flow may be deduced by interpolating between
these various slices. By performing this operation at each �a, the
dynamics of the 3-D flow and FSD fields over the thermoacoustic
cycle can be visualized. If the reconstruction is taken such that the
zero azimuthal angle is at a fixed �h (�h � 1 used here), the 3-D
reconstructions are done in a HVC-fixed reference frame. This frame
rotates in the laboratory reference frame at fh.

The planar three-component velocity measurements allow
reconstruction of the full three-component three-dimensional

velocity field, albeit with low resolution in the azimuthal direction.
Because of this low azimuthal resolution, all velocity gradients are



interaction changes as the HVC deforms over the thermoacoustic
cycle. In this flame, the HVC was associated with greater flame
corrugation when it is axially contracted.

In addition to illustrating these oscillating large-scale corrugations
of the flame surface, Fig. 10 also shows that the flame undergoes
radial dynamics over the thermoacoustic cycle. Figure 11a shows a
flame surface density isosurface at twice the value of that shown in
Fig. 10, indicating statistically the region of highest heat release,
along with the HVC shape over the thermoacoustic cycle in flame 2.
In the HVC-fixed frame that is produced by the doubly-phase-
resolved analysis, the region of highest flame surface density rotates
counter to the HVC motion and circumscribes the burner over the
thermoacoustic cycle. In a laboratory fixed frame, the high-FSD
region rotates in the direction of the HVC motion at the difference
between the HVC and thermoacoustic frequencies. This process
explains the radial motion of the heat-release centroid that was
observed in the OH* chemiluminescence measurements.

It previously has been observed that the asymmetry in the flame
was associated with a deflection of the inflowing reactants caused by

the proximity of a HVC branch downstream of the burner nozzle
[31]. Since the HVC undergoes axial contraction and extension, the
azimuthal locations at which the HVC is in proximity to the nozzle
oscillated over the thermoacoustic cycle. This process can be further
elucidated by Fig. 11b. In this figure, the arrows indicate the location,
direction, and magnitude of local maxima in the radial velocity. It
clearly can be seen that the local maxima are associated with the
lower boundary of the HVC and that the azimuthal position of the
highest-magnitude radial velocity changes with the HVC shape.
Note that the HVCs at�a � 1 and 7 appear to have similar shapes but
cause different radial velocity patterns. However, it will be shown in
Sec. V.B that the lower portion of the HVC at these phase angles
actually have quite different shapes; the lower portion is more axially
contracted at �a � 1 and therefore causes a different radial velocity
pattern.

B. Quantification of HVC Behavior

From the above discussion, it is clear that the axial deformation of
the HVC over the thermoacoustic cycle greatly influences the
oscillatory flame behavior. It is therefore beneficial to quantify
the dynamics of this deformation. To do so, the locations at which the
HVC spirals intersected the measurement plane were identified by
local peak vorticity magnitudes in an alternating pattern of positive

and negative !
$ap
z extrema on each side of the burner axis in the axial

direction. The shape of the HVC helix in all flames is shown in
Fig. 12 at three phase angles of the thermoacoustic cycle. Once again,
the axial deformation of the HVC is apparent. In all cases, the highest
measured branch of the HVC at �a � 3 was relatively low,
representing an overall contraction of the HVC. Conversely, at
�a � 7 the highest branch was farther downstream than at �a � 3,
representing an overall axial extension. The overall shapes of the
HVC in flames 1 and 2 were similar, and the HVC in flame 3 was
considerably flatter. Furthermore, the amplitude of the axial
deformation can be seen to increase with the pressure oscillation
amplitude from flame 1 to flame 3.

These dynamics are further elucidated in Fig. 13, which shows the
axial position of the HVC (yh) versus the angular position along the
helix (�h) at different �a in each flame. The HVC undergoes similar
dynamics in all flames. Starting at �a � 1 (p� �p and dp=d�a < 0),
the lower portion of the helix was axially contracted and the upper
portion was extended. This is indicated by the low and high slopes of

Fig. 10 Measured interactions of the HVC (!
$ap

z � 5000 s�1) with

the flame surface density field (representative isosurface of

�
$ap

� 0:12 mm�1) in flame 2. The dynamic deformation of the HVC

causes changing large-scale corrugation of the flame.

Fig. 11 Mechanism causing the heat release to circumscribe the combustor at fqc. Images shown are for flame 2 and are in a HVC-fixed frame that

rotates in the laboratory frame at fh.
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the yh curves at low and high �h, respectively. As the combustion-
chamber pressure dropped (�a � 3), the upper portion of the HVC
axially contracted, resulting in the most compact helix in each flame.
During the subsequent pressure rise, first the lower portion of the
HVC axially extended (�a � 5), followed by the upper portion
(�a � 7). At this latter pressure, the HVC was in its most axially
extended configuration overall. This indicates that axial deformation
of the HVC occurs as a wave, with different portions of the helix
being displaced in different directions at different phases in the
pressure cycle.

This also is demonstrated in Fig. 14, which shows the vertical
displacement of particular points on the helix over the

thermoacoustic cycle. In flame 1, the HVC was shaped such that it
was in the PIV field of view for several spirals. Displacements are
therefore shown at �h � �, 2�, and 3�. Fewer spirals were available
for the other flames. As can be seen, HVC spirals at different
downstream locations underwent axial displacement oscillations at
different phases in the thermoacoustic cycle. In particular, the peak
displacements of subsequent spirals in the axial direction tended to
occur approximately �=4 later in the thermoacoustic cycle. This lag
corresponds well to the mean convective time between spirals,
indicating that the HVC dynamics are driven by a convective process.
The amplitude of the axial deformation also can be seen to increase
with the amplitude of the thermoacoustic pulsations. However, the
exact process that sets the phase shift and amplitude is not yet known.
Further measurements with a larger field of view and over a larger
parameter set will help uncover this mechanism.

C. Periodic Flow/Flame Interactions

The above analysis has demonstrated the complex dynamics of
helical vortex cores in thermoacoustically oscillating swirl flames
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and that these dynamics have a large effect on the flame surface.
As the HVCs change shape over the thermoacoustic cycle, they
can interact with the flame in a periodic manner, causing
thermoacoustically coupled changes in the heat-release rate. The
POD analysis showed that the HVCs were, by far, the most energetic
flow structures. Hence, the periodic HVC/flame interactions may be
very significant in determining the thermoacoustic state of the
combustor.



However this effect is quite small due to the low amplitude of the
pressure oscillation.

A distinct difference in the HVC/flame interaction is observed in
flame 3. Figure 18 shows the flame surface density fields, HVC
shapes, and mean combustion-chamber oscillations for this flame,
and Fig. 19 shows typical instantaneous measurements. A significant
difference in the overall shape of the flame and HVC is apparent
compared with flame 1, with both features exhibiting a much lower
slope relative to the burner exit plane. Like flame 1, the HVC
underwent axial contraction and extension over the thermoacoustic
cycle. Unlike flame 1, the HVC at the peak of the pressure cycle
(�a � 7) overlapped with the flame surface and caused several large-

scale flame corrugations. As the pressure decreased, the HVC axially
contracted to the extent that, at the pressure minimum (�a � 3), it
was below the flame surface. Figure 20 shows the relative positions
of the HVC and FSD from a different view point than in Fig. 18.
While in this shape, the HVC caused only a minor corrugation in the
lower surface of the FSD field and the upper surface was smooth.
Hence, the HVC inflame 3 caused increases in theflame area through
wrinkling that were relatively in phase with the pressure oscillations.
The FSD field also undergoes substantially greater radial elongation
and contraction than was observed in flame 1 due to the larger
reactant flux oscillations. Finally, the FSD fields are asymmetric and
the location of the asymmetry rotates noticeably around the burner
over the thermoacoustic cycle. Referring to the top-view images, the
region of concentrated FSD rotates counterclockwise. This is the
same phenomena that was described in Fig. 11. As opposed to flames
1 and 2 (Figs. 10 and 15), the asymmetry is associated with
significant combustion in the outer recirculation zones (ORZs). Both
the amount and azimuthal position of this ORZ combustion varies
over the thermoacoustic cycle.

VI. Thermoacoustic Coupling

A critical parameter that determines the amplitude of the heat
release and acoustic oscillations is the net acoustic energy transfer�,

Fig. 17 Reconstructed HVC (!
$ap

z � 5000 s�1) and flame surface

density (�
$ap

� 0:12 mm�1) for flame 1 at �a � 3 (p� pmin) showing

large-scale corrugations from a different viewpoint than in Fig. 15.

Fig. 18 Reconstructed HVC (!
$ap

z � 5000 s�1) and flame surface density (�
$ap

� 0:12 mm�1) for flame 3 over the thermoacoustic cycle.

Fig. 16 Typical instantaneous measurements of the OH field, flame

topography, and vorticity field at the minimum and maximum of the

pressure oscillation in flame 1.!z between�20; 000 s�1 and 20; 000 s�1,

with the scale given in Fig. 5.

Fig. 19 Typical instantaneous measurements of the OH field, flame
topography, and vorticity field at the minimum and maximum of the

pressure oscillation in flame 3.!z between�20; 000 s�1 and 20; 000 s�1,

with the scale given in Fig. 5.
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defined in Eq. (1). The nature of the local energy transfer, #�x�, is set
by the phase shift, ��x�, between the pressure and heat-release
oscillations. Local oscillations with 0� < j�j< 90� produce positive
energy transfer (destabilizing), and oscillations 90� < j�j< 180�

produce negative energy transfer (stabilizing). The magnitude of the
local energy transfer is set both by the specific phase shift and the
local oscillation amplitudes. As was seen in Fig. 2, the amplitude of
the pressure oscillations was relatively uniform everywhere in the
combustion chamber. The local acoustic energy transfer therefore
depends primarily on the phase shift and the heat-release oscillation
amplitude. Using the present measurements, only the flame surface
area oscillations could be spatially resolved. However, comparing
the flame area oscillations and chemiluminescence oscillations in
Figs. 15 and 18 shows that the flame area oscillation is a good
representation of the overall heat-release oscillation amplitude and
phase. Therefore, the following discussion will consider the coupling
of the pressure and flame area oscillations, with the overall (�) and
local ( ) couplings defined as

��
Z
V

 �x� dV �
Z
V

Z
2�

0

p0��a��
$ap
�x; �a� d�a dx (4)

In each cell used for the FSD calculation, the flame surface area
oscillation was periodic (roughly sinusoidal) over the thermoacous-
tic cycle. The amplitude and thermoacoustic phase shift of the
oscillation differed between cells. To illustrate the influence of the
HVC on thermoacoustic coupling, ��x� first was mapped by fitting

sinusoidal curve to the local �
$ap

oscillation and determining its



From these observations, it appears that an optimal flow/flame
configuration is one in which the HVC has a slightly steeper angle
than the flame relative to the burner exit plane. In such a con-
figuration, the axial dynamics of the HVC causes increased flame
area as the combustion-chamber pressure decreases. This results in a
region of negative thermoacoustic coupling that can act as a natural
damper to oscillations.

Figure 23 shows the net positive (�p) and negative (�n)
thermoacoustic coupling in all flames versus the magnitude of the
thermoacoustic pulsations. These were computed by performing the
integral in Eq. (4) over the regions in which �x�> 0 and �x�< 0.

In the quiet flame 1, the total negative coupling was slightly greater
than the positive coupling. Moving to the louder flames 2 and 3, the
positive coupling increased at a greater rate than the negative
coupling, and the net thermoacoustic energy transfer was positive.

VII. Conclusions

The thermoacoustic coupling caused by dynamic flow/flame
interactions was investigated in a gas-turbine model combustor
through analysis of high-repetition-rate laser diagnostics. Three fuel-
lean, swirl-stabilized flames were investigated, each of which
underwent different amplitude thermoacoustic pulsations and had
flowfields dominated by a helical vortex core. By resolving the
measurement sequence with respect to both the phase in the
thermoacoustic cycle and the azimuthal position of the helical vortex
core, the repeatable oscillatory processes were reconstructed in three
dimensions. This allowed identification of the thermoacoustically
coupled flow and flame dynamics, their interactions, and how these
interactions affected the thermoacoustic phase-relationship and
energy transfer.

Under all conditions, it was found that the helical vortex cores
underwent axial deformation over the thermoacoustic cycle. At the
minimum combustion-chamber pressure, the helices were in their
most axially contracted configurations, and at the maximum chamber
pressure they were in their most extended configurations. However,
the displacement of particular spirals occurred at different points in
the thermoacoustic cycle, and the axial deformation appeared to be
associated with a convective wave. The amplitude of the deformation
increased with the amplitude of the thermoacoustic oscillations.

The periodic deformation of the helical vortices caused them to
interact with the fl



thermoacoustic cycle. Depending on the relative shapes of the flame
and the helices in their axially extended and contracted con-
figurations, these interactions caused oscillations in the flame surface
area at different thermoacoustic phase angles. Hence, this behavior
influenced the thermoacoustic state of the combustor.

To investigate this further, the local thermoacoustic coupling was
determined in three dimensions throughout the combustor volume.
In all cases, intertwined regions of positive and negative coupling
occurred near the burner nozzle due to the helical vortices. In the
quietest flame, the helical vortex created a large region of negative
coupling that helped damp the thermoacoustic oscillations. In the
moderately louder flame, the shapes of the helix and flame were such
that there was a large helical region of positive thermoacoustic
coupling that contributed energy to the thermoacoustic pulsations. In
the loudest flame, positive thermoacoustic coupling occurred in both
a large helical region and in the outer recirculation zone.

From this analysis, it is clear that the presence, shape, and
dynamics of large-scale coherent vortical structures have a sig-
nificant impact on the thermoacoustic state of combustors. Further-
more, the HVC dynamics can either damp or drive the instability,
depending on the relative shape of the HVC and flame. The optimal
configuration in this burner appears to be one in which the HVC has a
slightly steeper angle than the flame relative to the burner exit plane.
In this configuration, the HVC causes increased flame area at the
minimum of the pressure fluctuation (when it is axially contracted),
thus removing energy from the thermoacoustic oscillations.

It is therefore necessary to systemically study flame and flow
structures in these swirl flames, in order to provide better predictive
capabilities of their behavior. It appears possible that, if robustly

http://dx.doi.org/10.1080/00102209208947221


(International) on Combustion, Vol. 27, 1998, pp. 1793–1807.
doi:10.1016/S0082-0784(98)80021-0

[3] Lefebvre, A.,Gas Turbine Combustion, Taylor and Francis, New York,
1999.

[4] Lieuwen, T., and Yang, V. (eds.), Combustion Instabilities in Gas

Turbine Engines: Operational Experience, Fundamental Mechanisms,

and Modeling

http://dx.doi.org/10.1016/S0082-0784(98)80021-0
http://dx.doi.org/10.1016/S0360-1285(01)00009-0
http://dx.doi.org/10.1080/00102200302363
http://dx.doi.org/10.1146/annurev.fluid.36.050802.122038
http://dx.doi.org/10.1016/S1540-7489(02)80007-4
http://dx.doi.org/10.1016/j.pecs.2005.10.002
http://dx.doi.org/10.1016/j.pecs.2009.01.002
http://dx.doi.org/10.1016/j.proci.2008.05.037
http://dx.doi.org/10.1016/j.combustflame.2004.12.007
http://dx.doi.org/10.1016/j.combustflame.2005.07.010
http://dx.doi.org/10.1063/1.870128
http://dx.doi.org/10.1063/1.1769420
http://dx.doi.org/10.1007/s00348-005-0034-4
http://dx.doi.org/10.1007/s00348-005-0066-9
http://dx.doi.org/10.1016/j.ijheatfluidflow.2004.02.019
http://dx.doi.org/10.1115/1.2364198
http://dx.doi.org/10.1007/s00348-006-0230-x
http://dx.doi.org/10.1017/S0022112007006155
http://dx.doi.org/10.1115/1.2982139
http://dx.doi.org/10.1007/s10494-011-9327-2
http://dx.doi.org/10.1007/s00340-004-1722-0
http://dx.doi.org/10.1016/j.combustflame.2005.07.009
http://dx.doi.org/10.1007/s00340-007-2928-8
http://dx.doi.org/10.1016/j.proci.2008.05.086
http://dx.doi.org/10.1016/j.combustflame.2009.12.015
http://dx.doi.org/10.1016/j.proci.2010.06.134
http://dx.doi.org/10.1016/j.combustflame.2010.07.011
http://dx.doi.org/10.1016/S0010-2180(97)00209-5
http://dx.doi.org/10.2514/2.6191
http://dx.doi.org/10.1016/j.combustflame.2005.06.005
http://dx.doi.org/10.1115/1.4000126
http://dx.doi.org/10.1146/annurev.fl.25.010193.002543
http://dx.doi.org/10.2514/1.15382


Hydrogen/Air Mixtures,” Combustion and Flame, Vol. 144, 2006,
pp. 126–138.
doi:10.1016/j.combustflame.2005.06.014

[41] Duwig, C., and Fuchs, L., “Large Eddy Simulation of Vortex
Breakdown/Flame Interaction,” Physics of Fluids, Vol. 19, 2007,
Paper 075103.
doi:10.1063/1.2749812

[42] Chakraborty, N., and Hawkes, E. R., “Determination of 3-D Flame
Surface Density Variables from 2D Measurements: Validation Using
Direct Numerical Simulation,” Physics of Fluids, Vol. 23, 2011,
Paper 065113.
doi:10.1063/1.3601483

[43] Jeong, J., and Hussain, F., “On the Identification of a Vortex,” Journal of
Fluid Mechanics, Vol. 285, 1995, pp. 69–94.
doi:10.1017/S0022112095000462

[44] Chong, M. S., Perry, A. E., and Cantwell, B. J., “A General
Classification of Three-Dimensional Flow Fields,” Physics of Fluids A,
Vol. 2, 1990, pp. 765–777.
doi:10.1063/1.857730

[45] Zhou, J., Adrian, R. J., Balachandar, S., and Kendall, T. M.,
“Mechanisms for Generating Coherent Packets of Hairpin Vortices,”
Journal of Fluid Mechanics, Vol. 387, 1999, pp. 353–396.
doi:10.1017/S002211209900467X

[46] Chakraborty, P., Balachandar, S., and Adrian, R. J., “On the
Relationships Between Local Vortex Identification Schemes,” Journal
of Fluid Mechanics, Vol. 535, 2005, pp. 189–214.
doi:10.1017/S0022112005004726

E. Gutmark
Associate Editor

STEINBERG ET AL. 967

D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
T

Y
 O

F 
SY

D
N

E
Y

 o
n 

M
ar

ch
 3

, 2
01

3 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/1
.J

05
14

66
 

http://dx.doi.org/10.1016/j.combustflame.2005.06.014
http://dx.doi.org/10.1063/1.2749812
http://dx.doi.org/10.1063/1.3601483
http://dx.doi.org/10.1017/S0022112095000462
http://dx.doi.org/10.1063/1.857730
http://dx.doi.org/10.1017/S002211209900467X
http://dx.doi.org/10.1017/S0022112005004726

