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Characteristics and Control of Combustion Instabilities
in a Swirl-Stabilized Spray Combustor
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Active control of combustion instabilities in a swirl-stabilized spray combustor was investigated. The combustor
was characterized bya thermoacoustic instabilityat approximately200Hz. Both open- and closed-loopcontrol tests
were conducted. A feedback phase-delay control was implemented using a high-speed microprocessor. The phase-
delay control clearly indicates the potential for suppressing the thermoacoustic instabilities in swirl-stabilized
combustion. Two � ow conditions, one corresponding to high NOx and another corresponding to high-pressure
oscillations, were selected for feedback-loop control studies. Best control was achieved with 60–90 deg phase lag,
and for the high-pressure oscillation baseline case, the peak amplitude of the pressure oscillations decrease by a
factor of three. It was observed that control of pressure oscillationscould be achieved without adversely effecting or
increasing the NOx emissions. In fact, NOx emissionsdecrease with control. Velocity measurementswere performed
for both the uncontrolledand controlled conditionsusing a two-component laser Doppler velocimeter system. With
control, the rms values of the velocity � uctuations decrease signi� cantly (over 50% in certain regions), and this
reduction is observed in both the coherent and random components of the velocity � uctuations. Control also leads
to an increase in the strength of the central recirculation region, which promotes � ame stability.

Nomenclature
D = combustor inner diameter
Patm = atmospheric pressure
P 00 = instantaneouspressure � uctuations
p0

rms = rms of pressure � uctuations
p0

rms , average = (
PN

i D 1
p0rms;i/=N , where N is number

of data points
p0

rms baseline = rms pressure � uctuation without control
Q 00 = instantaneousheat � ux � uctuations
q 0

rms = rms of heat � ux � uctuations
Re p = Reynolds number with respect to the primary

air� ow rate
r=R0 = normalized combustor radius
Usec = mean axial velocity of the secondary stream
z = length along the combustor axis
Á = equivalence ratio

Introduction

C OMBUSTION instabilities occur in a number of propulsion
systems, such as jet engines, afterburners,and rocket engines.

Unstable combustion induces large-amplitudepressure oscillations
in the � ow and can cause excessive noise, vibrations, and structural
damage. In extreme cases, the oscillations can lead to a total loss
of the � ame. In recent years, emission regulations have come to
demand operation near the lean blowoff limit, where combustion
instabilities are a major problem. Rayleigh1 was the � rst to de� ne
a criterion for thermoacoustic instability and observed that, if heat
is added in phase with the oscillations, the pressure signatures are
enhanced, whereas out-of-phaseheat addition reduces pressure os-
cillations.The Rayleigh criterion has been extensivelyused in most
analytical, computational, and experimental studies to characterize
combustion instability.
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A considerableamountofworkhasbeendoneoncombustioncon-
trol with gaseous fuels.2¡4 Richards and Janus5 proposed a simple
time-lag model and suggested that the thermoacoustic oscillations
are a strong function of the nozzle velocity and geometry and that
the oscillationamplitude scaled with pressure. Both active and pas-
sive control techniques have been used to suppress thermoacoustic
instability.Passive control strategiesusually involvegeometricalre-
design of an unstable combustor to reduce instability and pressure
oscillations. As an example, Schadow et al.6 have used multistep
nozzles to break down the coherent structures through small-scale
turbulent � uctuations induced by the multiple steps. However, pas-
sive control is speci� c to the combustor geometry and provides
control over a limited operational range. On the other hand, ac-
tive feedback control provides high performanceover a wide range
of operating conditions and provides a versatile approach toward
extending the � ammability limits and lowering emissions. In ac-
tive control, an actuator is usually employed to provide the con-
trol authority. The pressure/heat release signals measured from the
combustor are passed through a bandpass � lter, and an appropriate
phase shift and gain are introduced with respect to the sensor sig-
nals. The signal is then fed to the actuator to suppress the pressure
oscillations.2¡4;7;8

Recent reviews on active control of combustion instabilities can
be found by McManus et al.9 and Candel10 Gutmark et al.11¡13 and
Schadow et al.14 have shown the effect of active shear layer ex-
citation on the suppression of vortices, increased heat release in
diffusion � ames, and an extension of blowout limit in premixed
� ames. Yu et al.7;8 have deviseda control strategyutilizing periodic
fuel injection, synchronized with large-scale structures to dampen
unstable combustion oscillations.Lang et al.2 applied the theory of
antisound to construct a method for suppression of combustion in-
stabilities.Bloxsidgeet al.3 have identi� ed a vibrator that altered the
blockage of � ow as a potential actuator for control. The instability
signal was phase shifted, ampli� ed, and fed to the vibrator to pro-
duce � uctuating mass � ow in the chamber. Gulati and Mani4 used
a similar gain/phase shift controller to suppress combustion insta-
bilities. They pointed out the limited gain and phase margins of the
controller in the presence of multiple modes using classical control
techniques. McManus et al.15 have used a pulse width modulation
technique with an auxiliary fuel injector to dampen thermoacous-
tic instabilities. Neumeier and Zinn16 and Neumeier et al.17 used a
wavelet technique to identify multiple modes in a combustor and to
develop a gain/phase shift for each mode, which was used as a con-
trol input to the fuel injector to achieve control. Richards et al.18;19
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have also used the concept of cyclical fuel injection for controlling
instabilities.

A number of recent studies have been published where swirl-
stabilized combustion has been speci� cally studied. Sivasegaram
and Whitelaw20 have studied the effects of swirl on combustion
instabilities in different premixed combustor con� gurations. They
have shown that swirl enhanced the instability for � ames stabilized
behind a sudden expansionand reduced the instability in disk stabi-
lizedpremixedcombustion.Stephenset al.21 have investigatedopen-
loop control in swirl-stabilized spray � ames. They have demon-
strated the potential improvements in heat release with airstream
forcing. Paschereit et al.22;23 identi� ed the presence of unstable he-
lical modes in a swirl-stabilized combustor and used a fuel equiv-
alence ratio modulation strategy to reduce thermoacoustic oscilla-
tions. Cohen et al.24 and Hibshman et al.25 have used a self-tuning
fuel modulation mechanism to suppress combustion instabilities in
full-scale engine operation at realistic conditions.

The � rst objectives of the present paper are to explore the insta-
bility characteristicsof a can-type,swirl-stabilizedspray combustor
and to explore active control strategies to suppress the thermoa-
coustic oscillations. Toward this end, a self-tuning feedback-loop
controller has been implemented, and its ability to enhance the per-
formance of the combustor has been examined. The majority of the
studieson combustioninstabilityhave focusedattentionon pressure
oscillations as the only measure of performance. An exception to
this is the work of Sivasegaram and Whitelaw26 and Sivasegaram
et al.,27 who explored the effect of control on NOx levels. However,
their work was limited to that of premixed gaseous combustion.
In this paper, attention is focused on nonpremixed, spray combus-
tion, and the performance is characterized on the basis of pressure
oscillations, as well as emissions levels.

The second objective of the paper is to report how control in-
� uences the mean velocity � eld and the turbulence levels. To this
end, measurements of the velocity � eld are reported both with and
without control. It is anticipated that because velocity � uctuations
play a role in the acoustic–� ame coupling, which, in turn, drives
the combustion instability, control will likely in� uence the velocity
� eld, and it is of interest to determine the level and nature of this in-
� uence. Whereas velocity measurements in spray combustors have
been reported by many investigators,28¡33 none of these measure-
ments have been made for a combustor operating in an unstable
mode, and the effect of control on the velocity � eld has not been
speci� cally reported. Providing such information is the motivation
behind the second objective of the present work.

Experimental Setup
The experiments were performed in a model combustor (Fig. 1)

operating at 30-kW heat release and atmospheric pressure. A
Parker–Hanni� n research simplex atomizer (RSA) nozzle is used
to atomize the liquid fuel. Ethanol is used as the liquid fuel.

The combustor has provisions for two airstreams (Fig. 1). The
RSA nozzle needs an airstream (the primary airstream) that is used
to assist in the atomization of the fuel. The secondary airstream
provides the bulk of the combustion air. The primary airstream is
distributedin a circumferentiallyuniformmanner to the combustion
air chamber base by a manifold. A honeycomb is installed in the

Fig. 1 Schematic of the combustor.

chamber to straighten the � ow. The secondary airstream is dis-
tributed to the secondary inlets of the air chamber by another man-
ifold. These inlets are uniformly arranged around the air chamber.
The secondary air enters through two sets of swirlers, placed at two
different axial locations around the nozzle barrel. Both airstreams
enter the combustionchamberat standard temperatureand pressure.
The primary and secondary streams both have 45-deg swirl vanes,
and thecombustorwas operatedin a coswirlcon� guration.The swirl
numberbasedon the secondary� ow swirler was estimated to be 0.8.

The liquid fuel is pressurized to 160 psi (N/m2) in a fuel tank by
high-pressure inert nitrogen, metered, and sent to the RSA nozzle
through a tube mounted in the center of the air chamber. The RSA
nozzle has a swirl chamber for the primary airstream and swirls
the fuel/air mixture for improved atomization and dispersion. The
Sauter mean diameter of the droplets generated at two-nozzle di-
ameters downstream varied radially from 5 to 35 ¹m (Messina and
Acharya34/. The fuel stream was modulated using a valve (auto-
motive fuel injector) driven by a signal processor or a function
generator.

The average fuel � ow rate was kept constant at 0.75 ml/s. The
primary air� ow velocity UP of 2–110 m/s was delivered by a com-
pressoroperatingat 20 atm. A pressure regulatingvalve reduced the
line pressure to 5 atm upstream of the plenum feeding the combus-
tor. Secondary air was introducedcoaxially around the nozzle with
a � ow rate that varied from 0.283 to 1.7 m3/s.

The combustion shell is 0.6 m in length and 0.14 m in diame-
ter D. High-sensitivity, water-cooled pressure transducers (Kistler
pressure transducer, Model 7061B) and heat � ux sensors (Vatell
Model HFM-6D/H) with frequency responses of 50 and 5 KHz, re-
spectively,were mounted along the length and circumferenceof the
combustor to measure the oscillations in the combustor for vary-
ing � ow rates and fuel � ow modulation frequencies. The pressure
and heat � ux sensors were collocated at the same heights along the
length of the combustor at z=D D 0:36, 0.55, 0.73, 1.45, and 2.18.
Two additional pairs of sensors were placed circumferentiallyat 90
and 180 deg at z=D D 1:45. Four high-temperature quartz glasses
are mounted on the comubustor to provide optical access.

Controller Description
A schematic of the feedback control loop is shown in Fig. 2a.

A high-speed microprocessorwas used to perform real-time signal
processing. The pressure and heat � ux � uctuations, which were
recorded from the high-sensitivitymicrosensors, were fed into the
A/D converterof the I/O card present on a carrier board. The carrier
board is linked througha digital signalprocessor(DSP) link 3 cable,
which is a 32-bit,40-Mbytes/s I/O interfaceto the Indymotherboard.
The Indy motherboard holds a Texas Instrument 32-bit, 60-MHz
microprocessor. The data are digitally � ltered in blocks and phase
shifted and ampli� ed before being sent to the D/A converter. The
signal to the D/A converteris furtherampli� ed to attain an optimum
voltage (Fig. 2b), which is fed into a solid-state relay (Crydom
Corporation Model DC60S7) powered by a battery to run the valve.
Initially the fuel actuator frequency is matched with the instability

a)

b)

Fig. 2 Schematic of a) controller and b) DSP.
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frequency,which is used as a driving signal for the valve. It is then
switched to operate on the control signal once the � rst set of data is
processed for every preset phase angle.

Velocity Diagnostics
A two-dimensional Dantec c° � ber� ow laser Doppler system op-

erating in backscatter con� guration was used to record the velocity
of the reacting and nonreacting � ow. Both the axial and tangen-
tial components were recorded. Although it was possible to record
both components simultaneously using the control volumes gener-
ated by the blue and the green laser beams, measurements of the
two components of velocity reported in this paper were performed
separately in a one-dimensional mode with only the green beams.
This was done because the power in the green beams was higher
than in the blue beams and resulted in higher validation rates and
signal-to-noise ratio. The probe was rotated by 90 deg to measure
the second component of velocity.

The maximum systematic error (or � xed errors inherent in the
laser Doppler velocimetry (LDV) system components) associated

Fig. 3 Values of p0
rms /Patm with swirl.

Fig. 4 Values of p0
rms /Patm without swirl.

with these measurements is found to be 0.8%. For the reacting � ow,
the maximum precision error (or statistical errors resulting from � -
nite sample populations) based on 5000 samples is less than 1.4%
with a 95% con� dence level at all axial locations. However, note
that at many locations up to 10,000 samples were recorded, thus,
reducing the precision error to 1%. Similarly, the maximum preci-
sion error at the 95% con� dence level for the rms of the reacting
� ow velocities was less than 2% at all axial locations. At locations
where 10,000 samples were recorded, the uncertainty is 1.4%. For
the cold-� ow condition, 3000 samples were recorded at each lo-
cation yielding an uncertainty of 2 and 2.6%, respectively, for the
mean and rms velocities at the 95% con� dence level. These pre-
cision estimates were determined following guidance provided by
Yanta et al.35

The mean velocity data were corrected for velocity bias using
Dantec’s residence time-weighting algorithm. This was done to
eliminate the velocity bias toward higher velocities.

The reacting � ow� eld was seeded using 0.3-¹m aluminumoxide
particles.Although these particles are relatively expensive, they are
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well suited for high-temperature environments due to their excel-
lent thermal stability. In addition, these particles provide superior
frequency response to the � ow � uctuations.When the Kolmogorov
timescale is used as the particle response time, it is estimated that
the maximum particle diameter that will accurately represent the
continuousphase is 0.9 ¹m. Thus, the particles used for the results
presented here are suf� ciently small.

Velocity measurements were also made of the cold, nonreacting
� ow� eld, which was seededusing smoke particles.Rosco® fog � uid
that was heated in a separatevessel outside the combustionchamber
generated the smoke. The smoke was then removed from the liquid
surface inside the vessel and injected into the combustion chamber
via the secondary air ports.

Results and Discussion
Characteristics of the Combustor

To characterizethe behaviorof the combustor, pressure measure-
ments were made for a range of equivalence ratios and primary-
air� ow rates. The root mean square of the pressure � uctuations p0

rms
can be used as a measure of the combustion instability in the com-
bustor.The p0

rms values,normalizedby the mean combustorpressure
(1 atm) and expressedas a percentage,are presentedas a functionof
the equivalenceratio Á and the primary-air�ow rate representedby a
Reynolds number Re p D Up D=¹. Figure 3 shows the p0

rms=Patm val-
uesfor a rangeof� owconditionsforwhicha � amewasobtained.It is
evident that both the equivalenceratio and the primary-airReynolds
number in� uence the � ame stability and the amplitude of the pres-
sure oscillations.Highest pressureoscillationswere observedat low
equivalence ratios and high primary-air Reynolds numbers. As the
equivalenceratio reachesthe lean� ammabilitylimits, thepropensity
for oscillations increases, and the amplitude of the pressure oscil-
lations are expectedly high. As the equivalence ratio increases, the
� ame is expectedly more stable, and the oscillation amplitudes are
lower. There was roughlya 32% increasein pressure� uctuationsfor
a 50% decrease in equivalence ratio at Rep D 6:2617£ 104. How-
ever, there is lower limit of equivalence ratio equal to 0.26 (close
to the mean � ammability limit) beyond which the � ame is extin-
guished. This limit increases as Reynolds number Rep increases.
Note that as Reynolds number Rep increases, the residence time of
the fueldroplets in the � ame zone is reduced,andhence,burningcan
not be sustained for very rich fuel/air mixtures. At low primary-air
Reynolds number, the droplet residence times are long, and a � ame
can be stabilized for equivalence ratios in excess of two. However,
under these conditionsthe � ame is sootyand elongateddue to insuf-
� cient air for combustion. In addition, at higher equivalence ratios,
CO emissions increased indicating incomplete combustion.

Figure 4 shows the combustor pressure � uctuations without the
swirl vanes (zero swirl). Because the recirculating toroidal region
does not existwithout the swirl vanes, there is no strongstabilization
mechanism present, and the range of operating conditions is very
limited. A stable � ame could be obtained at low Reynolds number
Rep or low equivalenceratios. As the primary-airReynolds number
increased, the � ame was lifted until it ultimately blew off.

For the swirl-stabilized situation, a number of � ow conditions
were selected, which were representative of both high p0

rms=Patm

(nearly 3%) and low p0
rms=Patm (nearly 1%). High p0

rms=Patm (2–3%)
corresponds to elevated combustor noise levels and low p0

rms=Patm

(less than 1%) corresponds to smooth combustion. The high-
pressure oscillationcase correspondedto a Re p D 6:1626£104 and
Á D 0:429 and had relatively low NOx levels, whereas the low-
pressureoscillationcase correspondedto a Rep D 6:1473£ 104 and
Á D 0:609 and had relativelyhigh NOx levels. The higher NOx lev-
els at Á D 0:609 are due to the higher equivalence ratio associated
with this case. Measurements of the temperature, CO, CO2 , and
NOx were made at the midpoint of the combustor exit with an En-
erac 3000 emission sensor. The velocity measurements (with and
without control)were made for conditionsclose to thoseof the high-
pressureoscillationcase,where the normalizedpressureoscillations
were in the vicinity of 2.5%.

Figures 5a–5d present the stack emission and temperature data
for different p0

rms=Patm levels representingdifferent � ow conditions

a)

b)

c)

d)

Fig. 5 Different p0
rms /Patm conditions (and different equivalence ratio

conditions) at centerpoint of the combustor exit: a) temperature and
b–d) emissions.

(different equivalence ratios). As the p0
rms=Patm is increased [asso-

ciated with lower equivalenceratios (Fig. 3)], the temperatures and
NOx levels decrease, while CO increases and CO2 levels are corre-
spondingly reduced. Exhaust stack temperatureswere nearly 200%
higher at the lower CO levels, while the corresponding change in
NOx levelswere as high as 60 ppm at 4.5% O2 concentration.Lower
centerline stack temperatures (and NOx) at the higher oscillations
suggest the possibility of incomplete combustion and explain the
observed higher CO and lower CO2 levels.

Note that centerline stack data are local point measurements and
should not be directly correlated with pressure oscillations in the
combustor; rather, the radial pro� le at the exhaust should be con-
sidered. Whereas increasing pressure oscillations is related to de-
creasing equivalenceratios (and lower NOx and temperatures), it is
not the only controlling factor because the aerodynamic effects as-
sociated with Reynolds number Rep play an important role, as seen
earlier in Figs. 3 and 4. Further discussion attempting to correlate
the emission data (centerline and stack averaged) with the p0

rms and
q 0

rms � uctuations is presented later.
To further understand the nature of the instability in the swirl-

stabilized � ame, the pressure and heat � ux signatures were ana-
lyzed in the frequency domain. The heat � ux sensors measure the
convective and radiative heat � ux to the wall, which is expected to
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Fig. 6 Values of p0
rms (arbitrary units) spectra at Á = 0:429 and

Rep = 6:1626 ££ 104.

Fig. 7 Values of q0
rms (arbitrary units) spectra at Á = 0:429 and

Rep = 6:1626 ££ 104.

Fig. 8a Pressure and heat � ux time trace recorded at z/D = 0:36.

be proportionalto the heat release in the � ame. Figures6 and 7 show
amplitude spectra of the pressure and heat � ux correspondingto an
unstablecondition(Á D 0:43 and Rep D 6:2616£104). Both spectra
show a single dominant peak at 200 Hz. The pressure and heat � ux
data are plotted on the same timescale in Fig. 8a. These data were
taken at z=D D 0:36. Intermittent behavior was noticed where the
P 00 and Q 00 were in phase at most instancesof time and out of phase
at other instances. A local Rayleigh index was computed for the
described case (Fig. 8b) by computing the product P 00 and Q 00. This
index was greater than zero for most of the time, and this was suf� -
cient to sustain the fundamentaloscillationoriginallyexcitedby the
� ame. Thus, the pressureand heat � ux oscillationsare coupledwith
each other, driving the combustor into thermoacoustic resonance.

The thermoacoustic instability at 200 Hz was identi� ed to corre-
spond to a longitudinal quarter-wave mode instability in the com-
bustor shell. This conclusion was based on performing a cross cor-

Fig. 8b Corresponding Rayleigh index for Á = 0:429 and Rep =
6:1626 ££ 104.

Fig. 9 Cross spectra for sensor signals at different circumfrential
locations.

Fig. 10 Cross spectra for sensor signals at different longitudinal loca-
tions.

relation between different sensor signatures located along the lon-
gitudinal axis and between the sensors located at different angles
along the circumference of the combustor. This cross spectrum in
the circumferential direction is shown in Fig. 9 and in the longitu-
dinal direction, as shown in Fig. 10. The amplitudes in the cross-
spectrum plots clearly indicate the presence of a strong instability
at 200 Hz. The phase plots in Figs. 9 and 10 obtained by a corre-
lation of pressure–time signal at 0, 90 and 0, 180 deg around the
circumference reveals a phase change of less than 7 deg. This im-
plies that the azimuthal and radial instability were not excited. A
phase change was observed in the cross spectrum obtained from
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the axially located sensors. The cross spectra computed between
the sensor signals at z=D D 0:73, 1.45, and 2.18 indicate a phase
change of -6, -10, and -48 deg, respectively. Because the combus-
tion chamber length is z=D D 2:66 and the last sensor was located
at z=D D 2:18, it is believed that the pressurenode is located farther
downstreamfrom the sensor. This implies that there could be an ad-
ditional phase change that would result farther downstream toward
the exit of the combustor. These observationspoint to the presence
of a quarter-wave mode instability.

To further support the existence of the quarter-wave mode, an
estimate of this frequencywas calculatedusing f1=4 D c=4L , where
c is the speed of sound and L is the length of the combustor.The es-
timated frequencyis 256 Hz and is slightly larger than the measured
instability frequency.This discrepancycan be explainedby two un-
realistic assumptions in our frequency estimation. First, the open
end/exhaust is consideredas a pressure, node but it has been shown
by Bracco36 that the pressure node is always located downstream
of the exhaust section. This leads to overestimation of the acous-
tic eigenfrequencies. Second, the temperature � eld is nonuniform
in a turbulent reacting � ow� eld. Ando37 has numerically studied
the effect of nonuniformitiesof one-dimensionaltemperature � elds
on the frequencyof standing acoustic waves. His analysis indicates
that axial temperaturenonuniformitycan lower the frequencyof the
acousticstandingwavebyas muchas 20%.Thus, it is seen that prop-
erly estimating these parameterswould lead to a frequencyestimate
of the quarter-wave mode to be closer to the measured instability
frequency.

Open-Loop Control
Open-loopcontrol experimentswere done under the premise that

the fuel/air mixing could be bene� cially impactedby controllingthe
frequency with which the fuel is injected into the combustor. This
frequency will effect the heat release dynamics which, in turn, will
control the thermoacoustic coupling and the associated instability.
The heat release dynamics can also in� uence the emissions.

Conditions that correspond to a high level of NOx (Á D 0:609
and Rep D 4:1473£ 104) were chosen for open-loop control. For
this baseline condition, NOx levels of 60 ppm were obtained. The
frequency response of the combustion oscillationswere determined
by pulsing the valve with an average� ow rate of 0.75 ml/s at 160 psi
between 30 and 340 Hz with a sinusoidal signal. The signal was
generated by a function generator, 10 V peak to peak, with an ar-
bitrary phase and sent to a solid-state relay, which was powered
by a battery to run the fuel actuator. Simultaneous NOx, CO, stack
temperature, and O2 were recorded from the Enerac 3000 emission
sensor located in the center at the open end/exhaust of the com-
bustor. The p0

rms along with the correspondingunstable frequencies
were recorded for different excitation frequencies.These results are
presented in Fig. 11 and are normalized by the average value over
the entire range of excitation frequencies.

Figure 11a shows the presence primarily of an oscillation peak
centered at about 220 Hz. There is a §40-Hz spectral broadening
around the 220-Hz peak. As noted earlier, this peak corresponds to
a quarter-wave mode, and the oscillations were ampli� ed or rein-
forced by forcing at the instabilityfrequency.A secondarypeak (not
shown)was also noticed around310 Hz. At frequenciesgreater than
330Hz, the � ame couldnotbe sustained.Figures 11b–11e represent
the centerline stack emissions at different forcing frequencies. The
highest centerline exhaust temperaturewas obtained in the range of
170–220 Hz and correlatedwell with the highestNOx, highestCO2,
and lowest CO. The 170-Hz frequencycorrespondsto the beginning
of increased pressure oscillations,whereas the pressureoscillations
peak at 220 Hz. The correspondencebetween high-pressureoscilla-
tions and NOx was also observed by Sivasegaram and Whitelaw26

and Sivasegaram et al.27 in their studies of premixed gaseous com-
bustion. At 220 Hz, corresponding to the highest pressure oscilla-
tions, a reductionof 70% CO (relative to the average)was observed.
Between 130 and 160 Hz, pressure oscillations were low, but high
levels of CO was observed, and the � ame was essentially sooty,
indicating inef� cient burning at these lower frequencies.

a)

b)

c)

d)

e)

Fig. 11 Pressure � uctuations, temperature, and emissions vs fre-
quency (open loop).

Closed-Loop Control
A closed-loopfeedback control system was designed to suppress

levels of pressure and heat release oscillations in the combustor at
unstable conditions. The control strategy is driven by Rayleigh’s
criterion and is based on the premise that if the heat release dynam-
ics is out of phase with the pressure oscillations, thermoacoustic
coupling will not result. The heat release dynamics is controlledby
the frequency and phase of the signal used to drive the automotive
fuel injector valve.

The signal used to drive the fuel injector valve is obtained from
the Kistler pressure transducer (pressure signature), which is sent
to a digital signal processor, where it is � ltered to remove the low-
frequency noise, ampli� ed, and phase shifted. The phase shifting
is the key driver for decoupling the heat release dynamics from the
acoustics in the combustion chamber. The signal written to the D/A
converteris furthermagni� ed to reachanoptimumvoltage.This sig-
nal is then sent to the fuel-injectorvalve.The phasedelay was varied
between 0 and 360 deg between the sensor and control signature.
Different phase delays were examined because the optimum phase
corresponding to maximum suppression can not be determined
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Fig. 12 Amplitude of the pressure spectra (arbitrary units) baseline, best, and worst control.

a)

b)

Fig. 13 Closed-loop control: a) Normalized p0
rms vs phase angle and

b) Normalized q0
rms vs phase angle.

a priori due to the intrinsicdelays involvedin the system, such as the
fuel/air mixing, fuel convection, ignition, and � ame propagation.

Two sets of conditionswere chosenfor activecontrol.The � rst set
involvesa � ow conditionfor low-pressure� uctuationbuthigh levels
of NOx (Á D 0:609 and Rep D 4:1473£ 104). The second condition
involves high-pressure oscillation levels, but relatively lower NOx
levels (Á D 0:429 and Rep D 6:1626£ 104). The pressure, heat re-
lease, and emissions were all simultaneously recorded under the
controlled conditions for different preset phase-delay values.

Figures 12–14 show the effect of closed-loopcontrol for the � rst
baseline case corresponding to high NOx levels (60 ppm). Figure
12 shows the amplitudepressure spectra for the baselineand phase-
delay conditions representing the worst and best control. Best con-
trol, where the largest reduction in pressure oscillations is obtained,
was achieved around 90-deg phase delay. As noted earlier, due to
time delays introducedby dropletconvection,evaporation,and mix-
ing, the optimum phase delay for control is not 180 deg. The worst
control, where pressure oscillations are ampli� ed, was obtained at

around 270-deg phase delay. It was noticed that at worst control
the peak in the oscillation frequency was located around 225 Hz,
whereas for the baseline and best control the peak frequency was
at 200 Hz. The change in the peak frequency may result from the
differences in the fuel mixing (because the phase of fuel injection
is different), which can in� uence the temperatures (and, thus, the
acoustics), as well as the heat release dynamics.

As shown in Fig. 13, the most suppression of oscillations was
achieved at 60–120 deg phase angle delay. For the best control con-
ditions,at 90-degphase delay, the p0

rms and q 0
rms � uctuationsdropped

by 30 and 40%, respectively (Figs. 13a and 13b). These reductions
are relatively modest and considerably lower than the reductions
achieved for the second set of � ow conditions corresponding to the
high-pressure oscillation case. However, a 40% reduction in NOx
levels was achieved for 0–120 deg phase delay (Fig. 14c), with only
a 4% reduction in the temperature (Fig. 14a) at 60-deg phase delay,
where optimal control was achieved.As noted earlier, this observed
correlation between a reduction in the pressure oscillations and the
NOx level is consistent with premixed gaseous combustion studies
of Sivasegaramand Whitelaw26 and Sivasegaramet al.27 The 60-deg
phase delay is also associated with a 10% reduction in CO2 and a
30% increase in CO.

The 30% reduction in the pressure levels combined with a 40%
reduction in NOx for the best control condition are quite encour-
aging, particularly in view of only a 5% reduction in temperature.
This indicates improved radial mixing between the fuel and air and
reductionin thepeakequivalenceratio,NOx, and temperature.How-
ever, as noted earlier in Fig. 5, the pressure oscillations measured
along the combustor walls may not correctlycorrelate with the cen-
terline stack measurements, but may correlate better with the an
average measurement across the exit cross section. To investigate
this, measurements were made at three radial locations across the
combustor exit plane for the baseline and the best control cases.
These measurements are shown in Figs. 15a and 15b and indicate
that, with best control, more uniform temperature distributionsand
lower NOx were indeed obtained across the entire cross section of
the combustor. This implies that control provides dual bene� ts of
reducing pressure oscillations and, at the same time, improving ra-
dial mixing leading to lower NOx and more uniform temperature
distributions.

The effect of feedback-loop control for the high-pressure � uc-
tuation condition (baseline p0

rms D 2:93%) is shown in Figs. 16–
18. The baseline Case in Figs.16–18 corresponds to Á D 0:429 and
Rep D 6:1626£ 104 . Best control is achieved at 60-deg phase delay
(Figs. 17a and 17b), and the amplitude of the 200-Hz oscillations is
reduced by a factor greater than three (Fig. 16). However, this sub-
stantial suppressionof the 200-Hz oscillationis accompaniedby the
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a)

b)

c)

d)

Fig. 14 Emissions vs phase angle (closed loop): a) stack temperature
vs phase angle, b) %CO2 vs phase angle, c) NOx vs phase angle, and d)
carbon monoxide vs phase angle.

emergence of a secondary mode at 230 Hz with roughly the same
energyas the 200-Hzmode.The net effect of the 60-degphase-delay
control is that the p0

rms and q 0
rms decrease by 50 and 40%, respec-

tively (Figs. 17a and 17b). For this optimal phase-delay condition,
centerline exit temperature levels are slightly enchanced, and NOx,
CO, and CO2 levels are unaffected.This indicates that control with
the correct phase delay is effective in reducing oscillations with-
out adversely effecting the emissions. NOx reductions in the range
of 15–20%, with associated increases in CO by 20–40%, are seen
for phase delays between 0–60 and 180–270 deg. The temperature
variations, though small (less than 6%), are consistentwith the cen-
terline emissions, decreasing with decreasing NOx and increasing
CO. However, the heat � ux � uctuations do not show a consistent
correlation with temperature, which con� rms once again that data
from a wall-mounted sensor can not be directly correlated with the
centerlineexit data and that radial variations in the exit plane pro� le
must be considered.

To further investigate the relationships between wall-mounted
pressure and heat � ux sensors (p0

rms and q 0
rms) and stack conditions,

stack measurements were obtained at different radial and circum-

a) Normalized stack temperature

b) Normalized NOx

Fig. 15 Three different radial locations.

ferential locations and then averaged. It is expected that measure-
ments averaged over the exit plane are better correlated with the
pressure oscillations than the centerline stack measurements shown
earlier. These measurements were done for slightly different � ow
rate conditions than the high p0

rms case, but the general conclu-
sions made here should apply to the two cases presented earlier.
Measurements were made for three conditions: open loop, which
represents the baseline case with strong pressure oscillations; best
control (with 90-deg phase delay), where pressureoscillationswere
reduced by nearly 40%; and worst control (with 240-deg phase de-
lay), where pressure oscillations were enhanced by nearly 95%.
Table 1 shows that, with best control (lowest pressure oscillation),
lower average CO (about 23%) and NOx levels (about 12%), as-
sociated with lower temperatures, were achieved in comparison to
the open-loop baseline case. This observation is encouraging be-
cause pressure reductions are achieved together with a reduction of
emissions. In worst control, the pressure oscillations are stronger
than the open-loop baseline and lead to higher periodic heat re-
lease contributing to higher CO2 . Higher temperatures were also
noticed, which corresponded to nearly 10% higher NOx. The CO
emissions were relatively unaffected with worst control. Note that,
in Table 1, the heat � ux measurements along the wall are consistent
with the stack-averagedtemperature measurement, whereas in Fig.
18, as noted earlier, inconsistencieswere noted between the center-
line stack measurements and the wall heat � ux. This con� rms the
earlier speculation about the importance of the radial variations at
the combustor exit plane and the importance of incorporating these
variations in any correlation with wall-mounted data.

Velocity Measurements
Figure 19 shows the mean axial velocity pro� les along the radial

direction for four axial locations along the length of the combustor.
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Table 1 Effect of control on average emissions

Normalized Normalized Stack
Condition p0

rms q 0
rms CO, ppm NOx, ppm % O2 % CO2 temperature,±C

Open loop 1 1 2578 16.38 14.65 3.95 448.37
Best control 0.61 0.52 1966 14.33 16.31 3.4 327.58
Worst control 1.95 1.85 2585 18.125 15.69 4.7 461.57

Fig. 16 Amplitude of the pressure spectra (arbitrary units) baseline, best and worst control.

a)

b)

Fig. 17 Values of a) p0
rms vs phase angle and b) q0

rms vs phase angle.

Data are shown at axial locations of 0.256, 0.398, 0.540, and 0.682
shell radii above the nozzle. The velocities for both the controlled
and uncontrolled reacting � ow conditions are plotted together in
Figs.19. The radial location of the secondary air swirler is shown.
The reacting � ow velocities were normalized by their respective
mean inlet axial velocities of the swirling secondary air� ow.

The � ow� eld for the uncontrolledcondition is characterizedby a
central recirculation region (negative velocities) and a jet or shear-
layer-type region (with large velocity gradients). The recirculation
region is fairly large and developsrapidly in the radial directionwith

increasing streamwise distance. At z=R0 D 0:256, the velocity pro-
� le becomes negativeat r=R0 D 0:25. (See Fig. 20, where the width
of the negative velocity region is plotted.) At farther downstream
locations,the negativevelocitiesbegin to appear increasinglycloser
to the shell. At z=R0 D 0:967 (not shown), the negatives velocities
appearas close to the shell as r=R0 D 0:7. Beyond z=R0 D 0:967, the
recirculation region begins to shrink toward the centerline. In the
jet region, the peak velocities move progressively outward down-
stream of the nozzle exit. At z=R0 D 0:256, a peak nondimensional
velocityof 1.38 occursat r=R0 D 0:534. However, this peak velocity
spreads quickly in the radial direction and at z=R0 D 0:825 reaches
a magnitude of 1.29 at r=R0 D 0:833.

The controlconditionexhibitssimilar radial spreadingof peakve-
locities and growth of the recirculation zone. However, comparing
the controlled and uncontrolled conditions reveals that the control
has a signi� canteffecton the � ow� eld.Examining the � rst fouraxial
positions shows that with control there is a decrease in the magni-
tude of the peak velocity outside the recirculation region. This is
accompaniedby a modest decrease in the width of the recirculation
zone at z=R0 D 0:256 and 0.398 (shown in Fig. 20). However, by
z=R0 D 0:540, the recirculation regions for both cases have nearly
identical radial extent. Of particular importance is that the velocity
magnitudes in the recirculation region were enhanced signi� cantly
for the controlled condition.Comparing the magnitude of the max-
imum velocity in the recirculationregion for each condition reveals
a 20, 25, and 50% increase with control at z=R0 D 0:256, 0.398,
and 0.540, respectively.This enhancementof the recirculationzone
in the near � eld is associated with a more stable combustor opera-
tion because the recirculation acts as a continuous ignition source
through the entrainment of hot gases from downstream locations.
Note that the heat release dynamics is often associated with the
dynamics or breakdown of the central vortex. In such cases, im-
proved stabilization of the central recirculation can be correlated
with control of the instability.

Figure 19 also distinguishesthose radial locationswhere no seed-
ing was used to obtain velocitymeasurements (shown by solid sym-
bols). Seeding was not used at these locations because increased
seeding concentrations did not provide any increase in data rates.
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a)

b)

c)

d)

Fig. 18 Emissions vs phase angle (closed loop): a) stack temperature
vs phase angle, b) %CO2 vs phase angle, c) NOx vs phase angle, and d)
CO vs phase angle.

Therefore, the velocitydistributionsmeasured at these locationsare
composed entirely of unburnt droplets. For both the controlled and
uncontrolled conditions, the radial locations of all unburnt droplets
were outside the recirculation zone at every axial location. It is
suspected that the velocity distributions at these locations are com-
posed mostly of the larger diameter droplets. These droplets have
increased momentum and inertia and, therefore, are not entrained
into the recirculationregion. At z=R0 D 1:393 (data not shown) un-
burnt droplets were no longer detected, which indicates that all of
the droplets were � nally vaporized and had undergonecombustion.

Figure 20 shows a measure of the shear layer width (de� ned here
as the radialdistancebetweenthe locationofumaximum and 1

2
umaximum)

and the growth of the recirculation zone downstream of the nozzle.
Both reacting-�ow and cold-� ow data (under replicate � ow condi-
tions)havebeen included in Fig. 20. The reacting-�ow cases exhibit
an initial decay (up to z=R0 D 0:682) in the measure of the shear

Fig. 19 Mean axial velocity for reacting � ow Usec = 11 m/s, secondary
air� ow velocity: solid symbols, no seeding; ¥, no control and H, control.
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Fig. 20 Radial spreading of mean axial velocity downstream of RSA
exit: left y axis, radial spreading parameter; right y axis, width of re-
circulation zone; Ru max , nondimensional location of maximum axial
velocity; R1=2 max , nondimensional location of half of the maximum ax-
ial velocity; solid symbols, no seeding; ¥, no control; H, control; and ²,
cold � ow.

layer width. This decay arises because the width of the recircula-
tion region grows radially downstream of the nozzle, whereas the
location of maximum velocity spreads radially outward at a slower
rate. However, farther downstream, the jet spreading increases for
the uncontrolled condition as the recirculation region shrinks. In
the near � eld, the spreading of the shear layer for the controlled
condition is much greater than for the uncontrolled condition and
indicates greater entrainment and near-� eld mixing. These factors
also contributeto the improvedstabilityfor the controlledcondition.

The shear layer width for the cold-� ow condition shows rela-
tively modest variations (compared to the reacting-�ow cases) up
to z=R0 D 0:967. It exhibits an increase at the next two axial lo-
cations and then begins to decay at z=R0 D 1:393. In addition, the
cold-� ow condition has a smaller radial extent of the outer recircu-
lation region in comparison to the reacting-�ow condition at nearly
all axial locations up to z=R0 D 1:109 (the only exception being at
z=R0 D 0:256).

The axial rms velocity � uctuations are shown in Fig. 21. Based
on these rms pro� les, it is evident the sharp gradients in the shear
layer regions observed in the mean axial velocity pro� les are char-
acterized by high-turbulencelevels. Active control reducesnot only
the pressure oscillationsbut also the axial velocity � uctuations.Be-
cause pressure gradients drive the � ow, the correlationbetween the
pressure and velocity � uctuations are not unexpected. The strong
velocity � uctuationsmay be manifestedeithervia system–feed cou-
pling in the combustor or by vortex shedding, leading to the heat
release dynamics associated with the thermoacoustic instability.

Consider the axial rms velocity � uctuations for the reacting � ow
at z=R0 D 0:256. The sharpgradientsrevealedin the mean axial pro-
� les, which also correspond to in� ection points between the inner
recirculationzone and outershear layer region,occur at r=R0 D 0:24
for the control condition and r=R0 D 0:28 for the uncontrolledcon-
dition. As expected, the axial � uctuations are also strongest near
this radial position, reaching a maximum nondimensionalvalue of
0.5 and 0.54 for the controlled and uncontrolledconditions, respec-
tively. At z=R0 D 0:540, the peak gradient in the mean axial velocity
for both conditions occurs at r=R0 D 0:48. This radial location cor-
respondspreciselywith the peak � uctuationsof 0.455 and 0.464 for
the controlled and uncontrolled conditions. This behavior is exhib-
ited up to z=R0 D 0:825. These sharp gradients in the mean velocity
pro� les are the locations where the production in the turbulence
kinetic energy peaks and are attributed to the strong interactionsbe-
tween unburned droplets and hot recirculating gases. These strong
interactions result in the large � uctuations observed at these loca-
tions. Farther downstream, the � uctuations begin to decay, and the
well-de� ned peakobservedearlierbecomessigni� cantly reducedin
magnitude. This is expected, because the sharp gradients observed
in the mean axial pro� les become less severeat theseaxial locations.

Fig. 21 Reacting � ow rms axial velocity, Usec = 11 m/s, secondary air-
� ow velocity: solid symbols, no seeding; ¥, no control; and H, control.
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The reductions in the axial rms � uctuations with control is quite
signi� cant in the shear layer region with reductions greater than
50%. The spectra of the instantaneous velocity pro� le showed a
strong peak near 200 Hz, indicating that the � ow � uctuations are
characterizedby coherent oscillations in the � ow. With control, the
velocity spectra shows nearly a � vefold reduction in the peak value.
This indicates that control is responsible for signi� cantly reducing
the coherent � uctuations (at the instability frequency of 200 Hz)
in the � ow. These signi� cant reductions in velocity � uctuations are
associated with the reductions in the pressure oscillationsobserved
with control.

Conclusions
In this paper, the instability characteristics of a swirl-stabilized

spraycombustorhavebeendetermined,anda phase-delayfeedback-
loop controller has been implemented through a microprocessor.
The effects of the phase-delay controller on both the combustion
oscillations, as well as on the emissions, are examined. Two spe-
ci� c � ow conditions, one corresponding to high NOx and the sec-
ond corresponding to high-pressure oscillations, were selected for
feedback-loopcontrol studies. The following are the major conclu-
sions of the present study.

1) The pressure oscillations in the combustor are in� uenced by
both the equivalence ratio and the aerodynamic behavior of the
fuel droplets represented by the primary-jet Reynolds numbers. In
general, lower equivalence ratios and higher primary-jet Reynolds
numbers led to stronger oscillations.

2) The dominant instability is at 200 Hz and representsa quarter-
wave longitudinalmode.

3) Best control was achieved for a phase delay of 60–90 deg
and resulted in a signi� cant reduction in the pressure oscillations
without adversely effecting emissions. Worst control was obtained
between240–270deg and led to a signi� cant increasein thepressure
oscillations.

4) For the high NOx baseline case, best control led to a modest
reduction of the pressure oscillations (around 30%), but this was
accompanied by a nearly 40% reduction of NOx levels.

5) For the high-pressure oscillation case, the 200-Hz oscilla-
tion was reduced nearly threefold with 60-deg phase lag. However
a secondary mode was enhanced, and the effective reduction in
the pressure oscillations was around 50%. This reduction in pres-
sure oscillation was not associated with any adverse effects on the
emissions.

6) It is shownthat,with control,the recirculationregionis stronger
(higher negative velocities).This contributes to the improved stabi-
lizationassociatedwith control.Becausea strongerrecirculationcan
be induced by increasing swirl, this indicates the potential of pas-
sively controlling instabilities through control of the swirl strength
in the combustor.

7) The peak axial velocities are reduced with control, and there
is greater radial spread and improved mixing in the near � eld of
the controlledcombustor.These factors also contribute to improved
� ame stabilization.

8) The peak axial rms � uctuations for the reacting � ow occur at
the same radial location as the in� ection point between the inner
recirculation zone and outer shear layer region. These large � uc-
tuations are attributed to strong interactions between the unburned
droplets and hot recirculatingcombustion gases. The applicationof
control resultedin a signi� cant reductionof the peak velocity� uctu-
ations at all axial locations. Thus, control reduces the destabilizing
effects associated with high-amplitude � uctuations that appear in
the uncontrolled case.
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