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Excitation of Thermoacoustic Instabilities by Interaction

of Acoustics and Unstable Swirling Flow
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Unstable thermoacousticmodes were investigated and controlled in an experimental low-emission swirl stabilized
combustor, in which the acoustic boundary conditions were modified to obtain combustion instability. The acoustic
boundary conditions of the exhaust system could be adjusted from almost anechoic (reflection coefficient |r| <0.2)
to open-end reflection. Several axisymmetric and helical unstable modes were identified for fully premixed and
diffusion-type combustion. These unstable modes were associated with flow instabilities related to the recirculation
wake-like region on the combustor axis and shear-layer instabilities at the sudden expansion (dump plane). The
combustion structure associated with the different unstable modes was visualized by phase-locked images of
OH chemiluminescence. The axisymmetric mode showed large variation of the heat release during one cycle,
whereas the helical modes showed variations in the radial location of maximal heat release. The axisymmetric
mode was the dominant one during unstable combustion. It was obtained by forcing a longitudinal low-frequency
acoustic resonance. Helical modes could only be obtained when the axisymmetric mode was suppressed by using a
nonreflecting boundary condition. A closed-loop active control system was employed to suppress the thermoacoustic
pressure oscillations and to reduce NOy and CO emissions. Microphones were used to monitor the pressure
oscillations during the combustion process and provide input to the control system. An acoustic actuation was used
to modulate the airflow and thus affected the mixing process and the combustion. Upstream excitation modified
the shear-layer structure and was shown to be superior to downstream excitation, which combined less effective
shear-layer excitation with noise cancellation. Suppression levels of up to 5 dB in the pressure oscillations and a
concomitant 24 % reduction of NOy emissions were obtained in premixed combustion using an acoustic power of
less than 0.002 % of the combustion power. The control of the diffusion flame was less effective, and NOy emissions
increased at the phase that was most effective in suppressing the pressure oscillations. The differences between the
behavior of the control system in the two combustion modes was caused by different levels of interaction between

the combustion process and the shear layer.

Introduction

ARGE-SCALE coherent structures play an important role in

combustion and heat-release processes by controlling the mix-
ing between fuel and air in diffusion-flame configurations and the
mixing between the fresh fuel/air mixture and hot combustion prod-
ucts and fresh air in premixed combustors. The evolution of these
structures in nonreacting flows was extensively studied in mixing
layers,':2 jets,>** and flows over backward-facing steps.> However,
studies of large structuresin swirling flows are scarce. Unlike large-
scale structures in nonswirling flows that are predominantly ax-
isymmetric, swirl enhances azimuthal unstable modes. Interaction
between large-scale structures that are related to flow instabilities,
acoustic resonant modes in the combustion chamber, and the heat-
release process was shown to cause undesired thermoacousticinsta-
bilities in the combustor. The effect of swirl on the longitudinal and
azimuthal instability modes and the way it modifies the combus-
tion process leading to thermoacoustic instabilities requires further
investigation.
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Realizing the importance of large-scale structures as drivers of
combustion instabilities, researchers developed passive and active
methods to control this instability by modifying the vortical struc-
tures in the flow.®”8 Most of these control methods were applied to
bluff-body-stabilized combustors and dump combustors in which
the flow recirculationis used to stabilize the flame. Passive and ac-
tive control strategies have been used to suppress thermoacoustic
instabilities resulting from coupling between the heat and pressure
oscillationsin these combustors (Rayleigh criterion). Active control
techniques used acoustic excitation of air and/or fuel modulations
with phase-shifting strategies to decouple the pressure and heat-
release cycles. Acoustic excitation was used either to modify the
mixing patterns in the combustion chamber or to break the acoustic
pressure feedback via antisound methodology. The former method
proved to be more efficient because of the exponentialamplification
of the excitation signal by flow instabilities? The physical mech-
anism of the control system operation was different for premixed
flames, in which mixing between hot combustion productsand fresh
air/fuel flow was affected, and diffusion flames where mixing of fuel
and air was modified."

Controlstrategieshave alsoinvestigatedimproving fuel efficiency
and reducing pollutants'! !> and extending flammability limits.'*

Although many papers describe control of nonswirling gaseous
flames, a minimal amount of work was reported on control of
swirling combustion. Swirl stabilizationis used in combustion sys-
tems such as gas turbines, which also exhibit combustion insta-
bilities.!>- 16 Rational modification of large-scale vortices is impor-
tant to control swirl-induced instability and to increase combustion
efficiency. However, flow control has been demonstrated primarily
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for nonswirling flows, in which the large-scaleinstabilities are well
understood, and the coherence of the vortices can be enhanced by
flow excitation.Control of swirling flows requires the understanding
of the vortical structure in this type of flow and the studying of the
effect of forcing.

In the present work instability modes in an experimental low-
emission swirl-stabilized combustor were investigated and acous-
tically controlled. The two operating modes that were studied
included a partially premixed-diffusion flame and premixed com-
bustion. The diffusion flame was tuned to unstable operation with
two destabilized modes, axisymmetric and helical. The premixed
instability modes were obtained by adjusting the acoustic bound-
ary conditions. For changing the acoustic boundary condition ori-
fices with different exit areas were used. The reflection coefficient
was measuredusing a multimicrophonemethod.!” An axisymmetric
mode flame instability mode was obtained by adjusting the combus-
tor length and the acoustic boundary condition at the combustor exit
to an acoustic reflection coefficient |r| > 0.5, which yielded a lon-
gitudinal plane wave acoustic mode. When the acoustic boundary
condition was adjusted to almost anechoic conditions |r| < 0.15, a
helical flame instability was observed. Pressure fluctuations were
detected only for the axisymmetric modes, but heat-release fluctu-
ations, which were measured by OH chemiluminescent emission,
indicated dual-mode behavior. The effect of acoustic excitation on
the unstable combustion was investigatedusing upstream and down-
stream located loudspeakers. A closed-loop active control system
was employed to suppress combustion instabilities and to reduce
emissions at various operating conditions. The effect of the control
system on the unstable modes structure and combustor performance
isreported. The choice of acousticexcitation for combustioncontrol
provides the opportunity to investigate the effect of airflow excita-
tion and shear-flow modifications on the combustiondynamics. The
more practical means of fuel modulations for combustion control
are described elsewhere.'®

Experimental Setup

Combustion Facility

The combustion facility is shown in Fig. 1. The atmospheric test
rig consists of a plenum chamber upstream of the swirl-inducing
burnernozzle and a combustion chamber downstream of the burner
nozzle. The plenum chamber contains perforated plates to reduce
the turbulence level of the flow. The circular combustion chamber
consists of an air-cooled double-wall quartz glass to provide full
visual access to the flame. The exhaust system is an air-cooled tube
with the same cross section as the combustion chamber to avoid
acoustic reflections at area discontinuities. The acoustic boundary
conditions of the exhaustsystem could be adjusted from almost ane-
choic (reflection coefficient |r| < 0.15) to open-end reflection. An
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experimental swirl-stabilized burner nozzle was used. Experiments
were done in two operationalmodes: premixed combustionand par-
tially premixed combustion, which was a quasi-diffusion flame. In
the premixed mode natural gas was injected upstreamof the swirling
air to premix the fuel with the air. The flame was stabilized in a recir-
culation region near the burner nozzle outlet. During nonpremixed
combustion,a pilot flame was used, and the fuel was injectedinto the
recirculationregion resulting in a quasi-diffusionflame. Controlled
excitation of the burner nozzle flow was accomplishedby a circum-
ferential array of four loudspeakers equally spaced in polar angle.
The four speakers provided the possibility to excite the flow with
axisymmetric and higher modes depending on the relative phase of
the driving signals. When operated at zero phase difference, they
provided the acoustic energy necessary to achieve full control au-
thority at the maximum heat-release level. One set of loudspeakers
was placed at an axial distance of x/ D =4.2 upstream of the dump
plane and the second set at x/ D =9.6 downstream of the dump
plane. The nominal power of the 330-mm speakers was 120 W. For
axisymmetric disturbances the loudspeakers were operated at zero
phase difference. Forcing was possible upstream and downstream
of the burner nozzle.

Measurement Techniques

Pressure fluctuations were measured using wall-mounted water-
cooled %-in. (6.35-mm) condenser microphones placed at an ax-
ial distance of x/ D =2.5. The holders consisted of a small ori-
fice (d =1 mm) open to the combustion chamber. The microphone
diaphragm was placed in a small cavity and was heat radiation
protected. The resonance frequency of the holder was larger than
fres > 20kHz. Using condenser microphonesrather than piezoelec-
tric pressure probes gave the advantage of highly accurate data in
phase and amplitude necessary for acoustic measurements. The fre-
quency response of the microphones in probe holders were com-
pared against standard B&K microphones and showed good agree-
ment. A special testrig allowed for phase and amplitude calibration
of the different microphone holders.

To measure acoustic quantities, as acoustic pressure and veloc-
ity, the same methods as in nonreacting systems can be used. The
two-microphone method as described by Chung and Blaser!® has
more practical relevance than the standing wave-tube method. It
was extended to include the effect of mean flow.

To determine the acoustic characteristics of the burner noz-
zle/flame, the up- and downstream propagating waves f and g
(Riemann invariants) have to be determined. The Riemann invari-
ants are related to pressure and velocity by

plo)/pc=f+g (1)
u(w) =f-g )

4 loudspeakers (downstream)
air-cooled combustion chamber
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Fig.1 Experimental arrangement of the combustor and schematic diagram of the control system.
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At leasttwo microphones are required for this type of measurement.
Using two microphonesat two differentaxial positionsx; and x, in a
tube, the Riemann invariants f and g at cross sectionx; are givenby

feo| __ 1 (1 L | PG 3)
8(x1) " -0 \@* @7 /| p(xy)

where ®* = exp[—ik.(x, — x;)] and k. =(w/c)/(M £ 1). Once
the Riemann invariantsare known at location x;, they can be stepped
into any location x;, using the relations

Fx) = FryeThrtmm, gx) =glr)e == (4)

Acoustic properties such as impedance Z =p/u or the acoustic
reflection coefficient r =g/ f can then be calculated from the mea-
sured Riemann invariants.

In the present approach an extension of the two-microphone
method, the multimicrophone method!” was used to improve the
accuracy of the measured data. Using two pressure signals, it was
possible to measure exactly the two quantities, i.e., the incident
and the reflected wave components. By making more pressure mea-
surements, the number of equations is larger than the number of
unknowns, thus the problem is overdetermined. The calculated in-
cident f(x;) and reflected g(x;) wave components were fitted to
the measured quantities p(x;) by using the nonlinear Levenberg-
Marquardt method to minimize the 2 quantity in the frequency
domain:

N-1
2t =Y ALFOa) + g(x)] = p(x) P (5)

i=0

Time-varying heat release was recorded with two-filtered fiber
optic probes to detect OH radiation. Several studies have shown that
OH appears in superequilibrium concentrations in the flame front
region.® Therefore, the OH emissions were used as a qualitative
indicatorto detect the heat release at the active combustion regions.
The signal was bandpass filtered with a lower and higher cutoff
wavelength of 290 and 390 nm. The circular field of view of the
probes had a diameter of d =10 mm at the flame position. The
probe was coupled with a photomultiplier with a response time of
1 ns. The probe monitored the upper shear layer (r/ D =0.5) at an
axial distance x/ D =0.514 downstream from the dump plane.

The operation conditions of the burner nozzle have been main-
tained by analyzing the exhaust gas composition using a physi-
cal gas analysis system. CO and CO, have been analyzed by us-
ing nondispersiveinfrared spectroscopy. The nitric oxides NO and
NO,, combined in NO,, have been detected with a chemilumines-
cence analyzer. The detection of the remaining O, in the exhaust
gas was made utilizing the paramagnetic propertiesof oxygenin the
analyzing device. Carbon and oxygen balances were continuously
computed, and agreement within 0.2% was assured.

Control and Structure Visualization Systems

A schematic diagram of the closed-loop control system is given
in Fig. 1. The signals of the sensors (either microphone or OH
emission probe) were amplified and bandpass filtered. The result-
ing signal was then used to trigger a signal generator to produce a
phase-shiftedsignal at the instability frequency, which was fed back
to drive the loudspeakers through an audio amplifier. Phase-locked
pictures of the flame were obtained using an amplified (microchan-
nel plate) charge-coupled device (CCD) camera with an exposure
time of 20 ps. The camera was triggered by using either the pressure
or OH signals, which were bandpass filtered at the instability fre-
quency and phase shifted. The images were filtered using a bandpass
filter with a lower and higher cutoff wavelengthof 290 and 390 nm,
respectively. The phase-locked exposures were then averaged over
64 events.

Results and Discussion
Acoustic Boundary Conditions
The test rig instrumented with microphones allowed for high-
accuracy acoustic measurements. Azimuthal and axisymmetric

combustion instabilities required different acoustic boundary con-
ditions. The helical instabilities could only be obtained when no ax-
isymmetric mode associated with a longitudinalacoustic mode was
presentin the combustor. This was achieved by tuning the acoustic
boundary condition at the combustor exit to a small reflection coef-
ficient r using an orifice. Here, the reflection coefficientr =g/ f is
the ratio between the reflected wave component g and the incident
wave component f. The reflection coefficient is thus a measure of
the amount of the acoustic wave amplitude being reflected. Com-
plete reflection will be achieved by a solid wall (r =1) and by an
open end (r = —1). To inhibit completely the feedback cycle in the
combustion chamber by the reflected acoustic wave, the acoustic
boundary condition at the end of the combustor must be tuned to be
anechoic (r =0). In this case no acoustic wave will be reflected by
the tube exit. The results using an orifice to tune the acoustic bound-
ary conditionto a lower reflection coefficient are displayedin Fig. 2
and compared to the reflection coefficient of an open end following
the theory of Levine and Schwinger?' Displayed are the real and
imaginary part of the reflection coefficient as well as its absolute
value and phase. The absolute value of the reflection coefficient
was reduced to about r =0.2-0.3 in the region 100 < f < 300 Hz,
which is 20-30% of the open-end case. With combustion a pure
tone excitation had to be used because of the high noise level of the
combustion. Without combustion white noise excitation was used to
measure the acousticreflection coefficient. The results are displayed
inFig. 3 and show even smallerreflectiondownto |[r| =0.1. Axisym-
metric combustion instabilities were then obtained by adjusting the
acoustic boundary conditions close to open-end reflection, which
allowed for a strong reflection of the incident waves, thus allow-
ing a feedback cycle. The helical combustion instabilities could be
forcedto occurby using the orifice with a small reflection coefficient
r=~0.2.

Upstream and Downstream Forcing

The testing facility was designed to enable the application of
acoustic forcing from either upstream of the burner nozzle or from
downstream of the combustion chamber (Fig. 1). To select the most
efficient mode of operation, the effect of each one of the excitation
modes on the flow structure and the resulting reaction rate was de-
termined. The structure of the reacting vorticesinside the combustor
was assessed from axial and radial cross-spectral measurement be-
tween two OH chemiluminescence filtered fiber-optic probes. For
the radial cross correlations one of the OH sensors was station-
ary in the upper shear layer at an axial distance of x/D =0.514
from the dump plane, monitoring the shear-layer flow, whereas the
other one was traversing the combustion zone radially at the same
axial distance. It was moving radially starting from the stationary
probe (r/ D =0) until it reached the opposite shear layer. The axial
cross-correlationmeasurements were performed by positioning the
upstream probe on the combustor’s centerline or in the shear layer at
adistance of x/ D =0.514, while the other probe was moved down-
stream, increasing the axial distance Ax between the probes. The
measurements were compared for upstream and downstream forc-
ing at two unstable Strouhal numbers Sr =1.16 (helical instability)
and 0.22 (axisymmetric instability). The Strouhal number Sr is a
normalized frequency defined as Sr = f D/ U, where f is the insta-
bility frequency, D the burner nozzle diameter, and U the burner
nozzle mean exit velocity.

The coherencefunction,the amplitudeof the radial and axial cross
spectra, and the relative phase were measured at increased spacing
between the two probes (Ar and Ax, respectively). The relative
phase angles between the two OH signals are plotted as a function
of Ar/ D in Fig. 4. The instabilities at S =1.16 underwent a phase
change of 180 deg correspondingto helical modes while the mode at
Sr =0.22 remained close to zero phase angle across the combustor,
indicative of a quasi-axisymmetricmode. The differences between
upstream and downstream forcing were not reflected in the radial
phase variation. The two Strouhal numbers were related to different
flow instabilities. When the flow instability frequencies matched
the acoustic modes of the combustion chamber, they eventually
grew to large-amplitude combustion instability. The effect of the
upstream and downstream forcing on the amplitudes of both axial



1028 PASCHEREIT, GUTMARK, AND WEISENSTEIN

1.5

measured reflection coefficient
----- Levine/Schwinger open end

1.0

0.5

0.0 —

Re (1)

-0.5 -

-1.0

14—

1.0

0.8

Abs(r)

0.6 1

0.4

0.2

0.0 T T T T T

05 1.0 1.5 2.0 25
St=1D/U

157 Reflection coefficient
of the combustor exit
1.0 T=1500K,
0.5 -
£ 0.0
.05 —
.1 O —
.5 T T T T T
0.5 1.0 1.5 2.0 2.5
St=D/U
LR B D R TS
2 —
g o
-1 -
.2 —
T T T T T
05 1.0 15 2.0 25
St=fDU

Fig.2 Reflection coefficient of the low-reflecting acoustic boundary condition for the case with combustion. The dotted line displays the ideal open-end

case following the theory of Levine and Schwinger.?!
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Fig. 3 Reflection coefficient of the low-reflecting acoustic boundary
condition for the case without combustion. The dotted line displays the
ideal open-end case following the theory of Levine and Schwinger.2!

and radial cross spectra was significantly different (Figs. 5 and 6,
respectively). It showed that upstream forcing was more effective
in modifying the flow structure than the downstream forcing when
applied to the axisymmetric mode (Sr =0.22). Cross-spectra am-
plitudes correspondingto the upstream forcing were as much as six
times higher than those of the downstream forcing. The response of
the helical mode to both forcing methods was nearly identical. The
coherence function of the axisymmetric mode along the combustor
centerline stayed at a higher level than the coherence of the helical
mode (Fig. 7). Upstream forcing preserved the high coherencelevel
of the axisymmetric vortices over a longer range of axial distance
compared with the downstream forcing. Once again, the difference
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Fig. 4 Phase difference of the OH cross correlations at two forcing
frequencies as a function of radial distance for a premixed-type flame.
The effect of upstream and downstream forcing is compared.
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Fig.5 Amplitudeofthe OH cross correlation attwo forcing frequencies
as a function of downstream distance measured in the shear layer for a
premixed-type flame. The effect of upstream and downstream forcing
is compared.
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Fig.7 Coherence of the OH cross correlations at two forcing frequen-
cies as a function of downstream distance measured in the centerline for
a premixed-type flame. The effect of upstream and downstream forcing
is compared.

between the two forcing methods was not significant for the he-
lical vortices. These tests suggest that upstream forcing is more
effective in controlling the combustion instability than downstream
forcing. It is conjectured that the upstream forcing could modify
the evolution of the shear layer, whereas the downstream forcing
relied on a combination of antisound principles and shear-layerex-
citation. The direct excitation of the shear-layer benefits from the
natural amplification of the flow and thus requires less energy to
obtain the same effect as noise cancellation. Similar observations
were reported by Parr et al.’

Thermoacoustic Instability Mode Structure
Flow Mode Structure

The mode structure of the flow was first investigated without
combustion. The test rig used for this purpose had the same dimen-
sions as the combustion test rig described in Fig. 1, and only a few
changes were made to facilitate the measurements. The facility was
instrumented with microphone and hot wires equally spaced around
the circumferenceat 60 deg apart and at a number of axial locations
up- and downstream of the burner nozzle. The first three modes are
displayedin Fig. 8. Beside the plane wave mode (m =0) at anormal-
izedfrequencySr = f D/U =0.6, astronghelicalmode (m =1) ata
normalized frequency Sr =1.2 was observed. This mode was iden-
tified as a helical flow instability leading to pressure fluctuations, as
observed using hot wires and in water-tunnel experiments 2> These
tests showed the existence of a negative mean velocity region near
the burner nozzle axis because of a recirculation region caused by
vortex instability, which provides one of the mechanisms for flame
stabilization in this burner nozzle. Consequently, the flow pattern
near the axis was similar to wake flow behind a bluff body, which
is mostly unstable to helical modes. The flow instability associated
with this region was therefore predominantly helical, resembling
wake flow instability. With increasing downstream distance the he-
lical mode decreased by 16 dB over x =1D. The plane wave mode
was associated with the axisymmetric shear layer, which is formed
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Fig. 8 Mode structure without combustion at two downstream posi-
tions.
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Fig.9 First helical mode (m =1) for different Mach numbers.

when the flow separates at the sudden expansion of the burner noz-
zle’s exit.2 The flow did notexhibita narrowbandinstabilityat mode
m =2.The firstazimuthal acousticresonantmode in the tube was at
a Strouhal number Sr =7.8 and was also capturedin the m =1 mea-
surement. The source of this instability mode and its control were
discussed in Paschereit et al.!?*!® Below this frequency all higher
modes were evanescent.

The helical m =1 mode was scaled with the flow speed as shown
inFig.9. The frequencyincreased proportionallywith the flow speed
and thus led to a constant normalized frequency Sr = f D/U =1.2.

Mode Structure with Combustion
The thermoacoustic instability modes were forced to occur by
adjusting the acoustic boundary conditions for different combustor
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Fig. 10 Integrated OH radiation over the upper half and the lower half of the flame as well as over the entire flame of the low-frequency instability

at Sr=0.58 at various phase angles.

operating conditions. All of the instability modes were related to
combustion within large-scale structures, which were excited in the
combustion chamber caused by flow instabilities associated with
the wake-like reversed shear flow near the axis and the separating
flow at the sudden expansion. The flow instabilities were modified
by the acoustic resonant modes of the combustor as determined by
the combustion chamber acoustic boundary conditions.!?

Some of the unstable frequencies measured by the pressure and
OH signals were identical, but with differentamplitudes. The insta-
bilities associated with the premixed mode of operationoccurredata
normalized frequency Sr = f D/ U =0.58 (later characterized as an
axisymmetric instability) and at Sr =1.16 (which was determined
to be a helicalmode). The Sr =0.58 instability was the predominant
mode. A typical level of the Sr =0.58 instability was 29 dB above
the backgroundnoise level.

The differentinstability modes were visualizedusing an amplified
and filtered CCD camera, which was triggered at different phase an-
gles relative to the instability pressure signal. Using this technique,
phase-averaged OH images were obtained for different thermoa-
coustic instabilities. An axisymmetric Sr =0.58 instability mode
was detected for a normalized equivalence ratio of ¢/¢, =1 in a
premixed combustion mode. Here, ¢, is the nominal equivalence
ratio. The heat release at each phase angle was determined by in-
tegrating the OH emission over the upper half and the lower half
of the flame as well as over the entire flame at each phase angle.
These data are only qualitative in nature. The results are plotted
during a full cycle in Fig. 10. The axisymmetric structure of this
unstable mode is demonstrated as well as the cyclic variation of the
heat release. The lowest heat release, which is related to the OH
intensity, was measured at a zero phase angle, whereas the highest
level was measured at 180 deg. The similar OH levels, which were
obtained by integration over the upper and the lower half of the
flame, characterize the axisymmetry of the flame structures.

In addition to the axisymmetric mode, a helical unstable mode
was measured at the harmonic frequency (Sr =1.16) with an equiv-
alence ratio of ¢/¢, =1.1 (Fig. 11). The measurements were done
at the combustor premixed mode. The high OH intensity shifted
from the upper shear layer for a phase angle of 90 deg to the bottom
shear layer at 220 deg. A low-level planar acoustic forcing was ap-
plied to the burner nozzle and modified the helical flame structure,
at the same conditions, to an axisymmetric structure (Fig. 12). The
integrated OH radiation over the upper half of the combustor and
over its lower half, for the corresponding unforced helical flame
and the forced axisymmetric flame, is shown in Figs. 13a and 13b,
respectively. The upper half of the unforced flame shows maximum

heat release at a phase angle of 90 deg and a minimum at 270 deg.
The lower halfhas a maximum at 220 deg and a minimum near zero.
The phase differences between the two halves are characteristic of
a quasi-helical structure. The axisymmetric structure of the forced
flame is demonstrated by the nearly even and equal distributions of
the integrated heatreleasein the two halves of the flame, as shown in
Fig. 13b. The even distribution of heat release during the cycle indi-
cates that the axisymmetric forcing suppressed the helical unstable
mode, thus stabilizing the combustion.

Combustion Control
Pressure Oscillations

A closed-loop feedback control system was designed to reduce
the coherenceof the large-scalestructures, thus to suppress the level
of pressure oscillations caused by the axisymmetric mode of the
combustion instability. This mode exhibited the strongest pressure
oscillations. The sensor of the control system was a microphone,
which picked up the acoustic resonance of the chamber and the
control system and fed the signal back to the speakers. The phase
between the microphone signal and the speakers’ driving signal was
variedbetween 0 and 360 deg. The effecton the pressurefluctuations
amplitude at the instability frequency was recorded.

The control system was tested for two combustion modes: a pre-
mixed and a diffusion (partially premixed) mode. The diffusion
flame corresponded to pilot flame operation. The variation of the
pressure oscillations as a function of the relative phase between the
microphone (sensor) and speakers (actuators) is shown in Fig. 14
for the axisymmetric unstable mode at Sr =0.58 of the premixed
combustion operation. The controlled behavior is compared with
the straight horizontal line, which depicts the pressure fluctuations
level when the controller is not operating. Maximum suppression
was obtained at a phase difference of 270 deg, whereas maximum
destabilization of the combustion was observed at 90 deg, 180 deg
from the optimal angle. At the optimal phase angle the instability
was suppressed by nearly 5 dB. The actual values of the optimal
phase angles depend on the specific system design parameters such
as the relative locations of the sensor, actuator, and flame.

A similar plot is shown in Fig. 14 for the diffusion flame. The
instability frequency for this condition was at Sr =0.38. Maximum
suppressionwas about3 dB ata phase angle of 230 deg. An increase
of over5 dB was observed at an angle of 40 deg. The absolute level
of pressureoscillations,during instability,of the diffusionmode was
lower than that of the premixed mode. Consequently,the suppression
in the diffusion flame was not as effective as in the premixed case.
Also, the diffusion flame was initiated further upstream than the
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Fig. 11 Phase-averaged visualization of the helical instability at Sr= 1.16 at various phase angles. The images were filtered using a bandpass filter at
290 nm < A < 390 nm and show the OH emission of the flame.
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Fig. 12 Phase-averaged visualization of the helical instability at Sr=1.16 at various phase angles. The images were filtered using a bandpass filter
at 290 nm < A < 390 nm and show the OH emission of the flame. In this case a low-amplitude axisymmetric forcing was applied, which destroys the
helical structure.
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Fig. 13 Integrated OH radiation over the upper half and the lower half of the flame of the helical instability at Sr=1.16 at various phase angles.
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Fig. 14 Amplitude of the pressure oscillations at the instability fre-
quency Sr=0.58 (premixed combustion) and Sr=0.38 (diffusion-type
flame) for various phase shifts in a closed-loop control system with pres-
sure locking.

premixed flame, well upstream of the shear-layerlocation, thus the
interactionbetween the large-scale vortices and the combustion was
reduced, causing the acoustic forcing to become less effective.

The amplitude of the control signal was varied to study its ef-
fect on the level of reduction of pressure oscillations at the optimal
phase of 230 deg. The results shown in Fig. 15 indicate that a min-
imum of F/F,,, =40% of the maximum forcing amplitude Fj,,,
was necessary to reach the optimal control level.

Emissions of Pollutants

Emissions of NO, were monitored at the entirerange of phase an-
gles for the microphone-based control system in both the premixed
and diffusion combustion. The results of the premixed combustion,
depicted in Fig. 16, show reduction of the NO, levels at 270 deg
phase difference relative to the baseline case. Increased emissions
were observed at 90 deg. The reductions of both the NO, emis-
sions and the pressure oscillations occurred at the same phase angle
and are related to the reduced coherence of the vortical structures
when forcing was applied at this phase angle. Thermoacoustic in-
stability can be associated with periodic combustion, which occurs
when vortices are present. These vortices produce periodic high
peak temperature, which leads to thermal NO, formation. Control
at a phase angle of 270 deg produces uniform mixing and improved
combustion with evenly distributed temperature, yielding low NOy
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Fig.16 Normalized NOy and CO emissions for various phase shifts in
a closed-loop control system with pressure locking for a premixed and
a diffusion-type flame.

emissions. The decreasedenergy of coherent vortices with improved
mixing inhibited the generation of peaks of heat release and locally
high temperatures.

In the diffusion flame the results were quite different. The phase
angle at which pressure oscillations were suppressed caused an in-
crease in NO, formation (Fig. 16). Some reduction was obtained at
phase angles, which caused increased pressure oscillations. These
observations suggest that the forcing at the phase angle that en-
hancedthe thermoacousticinstabilityincreasedthe localheatrelease
and temperatures in the diffusion flame, possibly by enhanced mix-
ing inside the burner nozzle, which was not necessarily associated
with the large-scale vortices downstream of the burner nozzle exit.
This suggestion is corroborated by the behavior of CO emissions
during the control cycle (Fig. 16). The CO is somewhat reduced at
the phase angles at which NO, was increased and pressure fluctua-
tions were reduced. An increase in CO formation was observed for
the small phase angles. Low CO productionis associated with high
temperatures, which also generate high NO, emissions.

Conclusions

Active combustion control was applied to an experimental low-
emission swirl-stabilizedcombustor,in which the acousticboundary

conditions were modified to obtain unstable operating conditions.
Orifices with different exit areas were used to change the acoustic
boundary conditions. The reflection coefficient was measured us-
ing a multimicrophone method that had better accuracy compared
with the two-microphone method. An axisymmetric flame instabil-
ity mode was obtained by adjusting the combustor length and the
acoustic boundary condition at the combustor exit to an acoustic
reflection coefficient |r| > 0.5, which yielded a longitudinal plane
wave acoustic mode. When the acoustic boundary condition was
adjusted to almost anechoic conditions |r| < 0.2, a helical flame in-
stability was observed. However, the dominantunstable modes were
axisymmetric.

The unstable modes were associated with flow instabilities re-
lated to the recirculation wake-like region on the combustor axis
and shear-layer instabilities at the sudden expansion (dump plane),
which could partly be verified in cold flow experiments. The com-
bustion structure associated with the different unstable modes was
visualized by phase-lockedimages of OH chemiluminescence.The
axisymmetricmode showed large variationof the heatreleaseduring
one cycle of oscillations, while the helical modes showed variations
in the radial location of maximal heat release. Acoustic forcing was
used to control the combustion instability and to modify its modal
structure. Upstream acoustic excitation, which affected directly the
evolutionof the shearlayer, was determinedto be more effectivethan
downstream excitation. The latter had a reduced effect on the shear-
layer evolution and relied partially on noise cancellation. Forcing
affected predominantly the axisymmetric mode. However, in some
cases axisymmetric forcing transformed the helical mode into an
axisymmetric one.

A closed-loopactive control system was employedto suppressthe
thermoacoustic pressure oscillations and to reduce NOy emissions
by modifyingthe vortical structureof the combustor flow. Tests were
performed for two combustion modes, i.e., premixed and diffusion
flames. Microphone sensors were used to monitor the combustion
process and provide input to the control system. A filtered signal of
the microphone was phase shifted and amplified before being fed
to the actuator. The upstream acoustic actuation was used to modu-
late the airflow before entering the swirl-generating burner nozzle.
The acoustic excitation varied the mixing process between fuel and
air and the combustion products and thus affected the combustion
process. Suppressionlevels of up to 5 dB in the pressure oscillations
and a concomitantreduction of NO, emissions were obtained using
an acoustic power of less than 0.002% of the combustor power in the
premixed mode. The controller was less effective in the diffusion
flame, leading to pressure reduction of less than 4 dB. With diffu-
sion combustion the phase angles, which were effective in reducing
the pressure oscillations, yielded an increase in NO, and a decrease
in CO emissions. The different effects of the control system on the
premixed and diffusion flames were attributed to the difference in
the locationof the two flames relativeto the burnernozzleexitplane.
Although the premixed flame occurs in the shear layer downstream
of the burner nozzle exit, the diffusion flame dynamics are partly
decoupled from the shear-layer evolution because the flame was
located further upstream.

At the optimal control conditions the major effect of the control
system was shown to reduce the coherenceof the vortical structures,
which gave rise to the thermoacoustic instability. In the premixed
combustionforcingdecoupledthe combustionprocessfrom the flow
instability, the temperature became more uniform,and NOx-forming
high-temperaturezones within vortices were eliminated while main-
taining high combustion efficiency. In the diffusion flame the in-
creased NO, and reduced CO showed that the forcing-enhanced
mixing inside the burner nozzle and increased local temperatures.
Changes in equivalenceratio can be another driving mechanism for
thermoacousticinstabilities. Based on pressure and velocity data,*
the equivalence ratio changes were estimated not to exceed 5% of
the nominal value. However, OH changes during one cycle of oscil-
lations correspondedto a change of nearly 50% variation of equiv-
alence ratio relative to the baseline. This approximate estimation
was based on a steady-state calibration of OH emissions at various
equivalenceratios. Therefore the suggestionis made that this mech-
anism plays only a secondary role to the main mechanism related
to flow instabilities.
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