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Mechanism of Combustion Instability in a Lean
Premixed Dump Combustor

K. K. Venkataraman,* L. H. Preston,’ D. W. Simons,” B. J. Lee,*J. G. Lee,Y and D. A. Santaviccal
Pennsylvania State University, University Park, Pennsylvania 16802

Results from an experimental study of the mechanism of unstable combustion in a coaxial, optically accessible,
bluff-body-stabilized dump combustor with natural gas as the fuel are reported. A parametric study was performed
to investigate the effects of equivalence ratio, inlet velocity, inlet fuel distribution, inlet swirl, and centerbody recess
on combustionstability. It was found that all of these parameters had an effect on the stability characteristics of this
combustor. At selected unstable operating conditions, phase-resolved CH chemiluminescence images were captured
to study the heat-release structure during one period of pressure oscillation. The flame—flowfield interaction that
is depicted in these images indicates that flame-vortex interactions, and the resultant flame area changes, play a
significant role in the instabilities that occur when there is no swirl. A simple analysis of these images, however,
showed that fluctuating flame area and equivalence ratio fluctuations both contribute to the heat release fluctuations
that drive the instability. Unstable combustion with swirl appears to be fundamentally different from unstable
combustion without swirl in that instabilities with swirl occur near lean blowout and appear to be associated with
repeated detaching and reattaching of the flame from the centerbody.

Introduction

TRINGENT emissionstandardshave been codified to limit NOy

emissions from gas turbine engines, and with energy demands
continually rising, these standards can only be expected to tighten.
Conventional combustors rely on diffusion flames that burn at near-
stoichiometric conditions causing high flame temperatures that re-
sult in unacceptable levels of thermal NO,. Strategies to reduce
NOjy levels have tried to reduce the flame temperature in the com-
bustion zone by altering the fuel distribution in the primary zone
or changing the chemistry of the flame by using a catalyst. The
three main methods of changing the primary zone fuel distribution
are based on the rich-burn/quick-quenchAean-burn,' lean premixed
prevaporized (LPP), and lean direct injection’ strategies. Of these,
LPP combustionis generally agreed to hold the greatest promise for
NO, control?

In the LPP concept, a homogenous lean fuel-air mixture is de-
livered to the primary zone, and combustion occurs at lower tem-
peratures as the fuel burns at leaner equivalence ratios. Whereas
this mode of operation is successful in reducing NO, levels, it
is extremely susceptible to combustion instability in the form of
combustion-inducedpressure oscillations. This is a resonance phe-
nomenon associated with the acoustic characteristics of the com-
bustor and is accompanied by high noise levels and severe pressure
oscillationsthat can cause structuraldamage to engine components.
The viability of the LPP combustion concept hinges on successful
control of unstable combustion.
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Four modes of unstable combustion can occur in gas turbine
combustors: bulk, longitudinal, circumferential, and transverse
modes.*> A bulk-mode instability is an instability where the pres-
sure inside the combustor varies temporally but not spatially. The
frequency associated with this instability mode is the Helmholtz fre-
quency of the acoustic system and is typically less than several hun-
dred hertz. The important parameter involved is the volume of the
combustor rather than any single dimension. A longitudinal-mode
instability is one where a longitudinal acoustic wave is amplified
within the combustor. The characteristic dimension for calculat-
ing the frequency of a longitudinal-mode instability is the acoustic
length of the combustor. The frequencies of longitudinal modes are
typically greater than several hundred hertz but less than a kilohertz.
Such instabilities are often referred to as rumble. Circumferential-
mode instabilities occur in annular combustors where the char-
acteristic dimension is the circumference of the annular combus-
tion chamber. Circumferential-mode frequencies are typically in
the same range as longitudinal-mode instabilities. In the case of
transverse-modeinstabilities, the characteristicdimensionis the ra-
dius of the combustor resulting in frequenciestypically greater than
1 kHz. Transverse-modeinstabilitiesare often referred to as screech,
becauseof the higherfrequenciesof the pressureoscillations,and are
most often encountered in afterburners. In this study, longitudinal
pressure oscillations are set up inside the combustor and examined
in detail.

It has long been known that unstable combustion is character-
ized by periodic heat-release and pressure oscillations. Rayleigh®
postulated that, for the pressure oscillations to be amplified, the
heat-release and pressure oscillations must be in phase; however,
the exact mechanism of unstable combustionis still not completely
understood. Before discussing the current state of knowledge of
the mechanism of unstable combustion, the terminology used to
describe such phenomena needs to be defined. One important dis-
tinction that needs to be made is between processes associated with
the initiation of unstable combustion and processes associated with
sustaining unstable combustion. Most studies to date, including this
one, have focused on the limit cycle behavior of unstable combus-
tion, and therefore, it is the phenomena that sustain the instability
that are of interest. In a limit cycle, where the concept of cause and
effectis ambiguous, it is the feedback loop between pressure fluctu-
ations and heat-release fluctuations that sustains the instability and
that must be understood. In particular, it is the mechanism whereby
pressure fluctuations result in heat-release fluctuations that is most
poorly understood and that is addressed in this paper.
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The bulk of the research to date has studied combustion insta-
bility in single-nozzle,dump combustors or bluff-body combustors
as a simplified way to examine the underlying phenomenology of
unstable combustion*>7~1% The most often studied mechanisms
whereby pressure fluctuations result in heat release fluctuations are
flame—vortex interactions and equivalence ratio fluctuations.

The role of flame—vortex interactionsin unstable combustion has
been studied experimentally by a number of researchers’~!! One
of the first studies of this phenomena was conducted by Rogers and
Marble’ in a ramjet combustor. More recently, Yu et al.,® Smith and
Zukoski,” Poinsotet al.,'” and Schadow et al.'! have also conducted
studies in model ramjet combustors. From the observations made
in these studies, it is clear that as the vortex passes through the
flame front there is a marked change in the flame area that in turn
contributes to a change in the overall heat release.

Recently, there has been considerableinterestin the role of equiv-
alence ratio fluctuationsin unstable combustion,’~'° often referred
to as feed—system coupling. This concept dates back to the work
of Putnam,?’ who showed that many industrial burner oscillations
could be explained in terms of, and eliminated by modifying, the
fuel time lag, that is, the time from injection of the fuel to its com-
bustion. This has led to a number of control strategies based on
controlling or counteracting equivalence-ratio fluctuations. One of
the most common methods used is to change the location of the fuel
injector, thereby altering the fuel time lag such that the resultant
heat-releasefluctuationsare out of phase with the pressure wave that
drives the equivalence ratio fluctuationsin the first place. Although
some success has been achieved with this approach, that instabili-
ties have been observed in combustors that have been designed to
have no equivalenceratio fluctuationsindicates that flame—flowfield
interactions must also be accounted for.

In 1998, Peracchio and Proscia®' presented a nonlinear heat-
release/acoustic model that was tested on a single-nozzlerig. They
consideredboth equivalenceratio fluctuationsand flame area fluctu-
ations as sources of heat-releasefluctuations. The mean flame shape
was calculated for a steady Poiseuille flow with imposed velocity
perturbations.The flame dynamics model proposed by Fleifil et al.??
was used to describethe responseof the flame frontto acousticveloc-
ity perturbations. The effect of equivalenceratio fluctuationson heat
release was calculated using time-lag concepts. The model required
determination of a number of parameters that were calculatedusing
pressure data from the single-nozzlerig. The model’s performance
was verified by checking for satisfactory agreement between heat-
releasedatapredictedby the model and those measured in the experi-
ment. This work is importantbecause the effects of both equivalence
ratio variation and flame area variation were considered simultane-
ously. However, the parameter selection was such that the portion of
the heatrelease attributed to flame area fluctuations was small com-

pared to that due to fuel-air ratio variations. The authors acknowl-
edge that the flame area fluctuations observed in other rigs were
larger than those predicted by their model. Moreover, the model,
with the parametersas used, accounted only for changesin the wrin-
kling of the flame shape. The authors claim that they will be able to
capture the bulk motion of the flame observed in test rigs merely by
changing some parameters, but this is still work in progress.

The objective of the work presented in this paper is to character-
ize unstable combustion in a lean premixed dump combustor over
a broad range of operating conditions and to study the relative con-
tributions of equivalence ratio fluctuations and flame—vortex inter-
actions to the observed heat-release fluctuations. In the first phase
of the study, a variety of parameters were varied, and their effect on
stability was investigated. The parameters were chosen based on the
knowledge that they affected flame stabilization. Optical visualiza-
tion techniques were then used, including acetone laser-inducedflu-
orescence to characterize the combustor inlet fuel distribution and
CH chemiluminescence to characterize the heat-release structure
and its relationship to unstable combustion. Based on the chemilu-
minescenceimages, a simple analysis was carried out to identify the
contributions to the heat-release fluctuation from different sources.

Experimental Setup

A coaxial dump combustor with a rearward-facing step was used
(Fig. 1). The combustor has a diameter of 108 mm and a length of
850 mm and is made of fused silica to provide optical access. The
length was chosen after a series of experiments conducted to deter-
mine the length most susceptible to unstable combustion. That the
aspectratio has an effect on combustion stability has been observed
previously by Sivasegaram and Whitelaw.'® The mixing section has
a diameter of 36 mm and a length of 870 mm. The flame is sta-
bilized using a bluff centerbody (19 mm diam) located at the exit
of the mixing section. This distinguishes it from the studies that
have been conducted on ramjet combustors or models of ramjet
combustors.”~!! In those cases the flame is stabilized on the step it-
self, resultingin a flame whose structureis thatof a cone with its base
on the dump plane. This is markedly differentfrom a flame stabilized
on a bluff centerbody, which is also conical but has its base down-
stream. Considering the importance of flame—flowfield interactions
on combustion stability, such a difference in the flame structure is
likely to result in a marked change in the stability characteristics.

The fuel used is natural gas (96% methane) and is introduced
into the mixing section at two locationsin various proportions. The
first locationis well upstream (~60 mixing section diameters) of the
dump planeresultingin a uniform fuel-air mixture at the combustor
inlet. The other location is 25.4 mm upstream of the dump plane in
the form of 16 holes (of diameter 0.41 mm each), equally spaced
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Fig. 2 Closeup of mixer section.

around the circumference of the centerbody, resulting in a non-
uniform fuel distributionconcentratedin the outer shear layer of the
mixing tube. A 20-kW electricheateris used to heatthe airflow, and a
thermocouple 10 mm upstreamof the dump planeis usedin conjunc-
tion with a temperaturecontrollerto regulatethe inlet temperature of
the mixture. The centerbody is centered in the mixing sectionusing
vanes that also serve as axial swirlers. The flat-vaned axial swirler
has an estimated swirl number of 0.46 for a vane angle of 30 deg
and an estimated swirl number of 1.37 for a vane angle of 60 deg
(Ref. 23). A closeup of the mixing section detailing the centerbody,
swirl vanes, and injection holes near the dump plane is shown in
Fig. 2. High-frequency pressure transducers, flush mounted at the
dump plane and in the mixing section, are used to measure the pres-
sure oscillations. A water-cooled gas-sampling probe, supportedby
a conical exhaust plug, is used to extract gas samples from the ex-
haust. NO,, CO, and O, concentrations in the exhaust gases are
measured using continuous gas analyzers. The exhaust plug can
be used to increase the pressure inside the combustor by partially
blocking the exit of the combustor. A pulsed Nd-YAG laser and an
intensified charge-coupled device (CCD) camera are used to make
laser-induced fluorescence (LIF) measurements to characterize the
fuel distribution at the exit of the mixing section. The intensified
CCD (ICCD) camerais also used to record CH chemiluminescence
images of the flame zone that define the heat-release structurein the
combustor.

Procedure

Stability Characteristics

As a first step toward understanding the instability mechanism,
the stability characteristics of the combustor were determined. The
aim of this part of the study was twofold. One goal was to iden-
tify unstable operating conditions for further study; another was
to determine the effects of specific parameters on combustion sta-
bility, where any mechanistic explanation of unstable combustion
must be consistent with these observations. To this end, the peak-
to-peak pressure amplitude of the dump-plane pressure transducer
was plotted against equivalence ratio in a series of stability maps.
The stability maps were always measured by increasing the equiva-
lenceratio, inasmuch as preliminary tests indicated that the stability
limits of the combustor varied depending on the direction in which
the equivalence ratio was changed due to hysteresis effects. At all
operating conditions, a Fourier transform was also carried out on
the signal from the dump-plane pressure transducer to extract the
dominant frequencies of the instability.

The parameters varied were inlet swirl, centerbody recess, and
inlet fuel distribution. For each set of parameters, at a particular
velocity, the equivalence ratio was varied from lean blowout to
stoichiometric, and then the velocity was varied from 2 to 6 m/s
(Recomp ~ 10*, Repixer ~ 10%). The inlet swirl was varied by altering
the vane angles on the bluff centerbody. Three swirl cases were stud-
ied, that is, 0, 30, and 60 deg. The centerbody recess was effected
by moving the centerbody along the mixing section. The four cases
studied were 0D, 1/4D, 1/2D, and 1D recess, where D is the di-
ameter of the centerbody. The inlet fuel distribution was controlled
by changing the proportion of premixed fuel and injected fuel. The
proportion was varied from 100% premixed fuel, referred to as the

100% premixed condition, to 50% premixed and 50% injected fuel,
referred to as the 50% premixed condition. Because of the nature
of the fuel distribution (discussedlater), at higher proportions of in-
jected fuel, the flame tends to be detached throughoutthe flammable
range. This restricts the range of comparable operating conditions
to those with less than 50% injected fuel.

Acetone LIF

To determine the fuel distribution at the dump plane, acetone
planar LIF was used. The ability of acetone to act as a tracer for
gaseous fuels was demonstrated by Lozano et al.>* Based on the
results of tests carried out to identify the temperature at which the
fluorescence intensity (using 266-nm excitation) was the strongest,
the inlet temperature of the air—fuel mixture was set at 200°C. The
fourth harmonic of a pulsed Nd-YAG laser (~10 mJ at 266 nm)
was used to excite the acetone, and the fluorescence images were
captured using an ICCD camera (Princeton Instruments 576a) and a
high-passfilter with a cutoff frequency of 335 nm (WG-335). Using
a combination of spherical and cylindrical lenses, the laser beam
was formed into a collimated sheet with a thickness of less than
1 mm (over the field of view) and a width of ~2.5 cm.

The fuel distribution was measured for 100, 75, 50, 25, and 0%
premixed conditions. The acetone concentrationused in these tests
was nominally 2%. At each condition, fluorescence images were
acquiredat two inlet velocities,3 and 5 m/s, and ateach velocity,im-
ages were captured at overall equivalenceratios of 0.6 and 0.9. At a
particularoverallequivalenceratio and inlet velocity, the 100% pre-
mixed image was used to normalize the partially premixed images
and, thus, convert the measured fluorescence intensities to equiva-
lence ratios. Because these measurements were made without com-
bustion, natural gas was replaced with nitrogen for safety reasons.
Care was taken to match the volumetric flow rates of nitrogen and
natural gas for the premixed fuel and their momentum fluxes for
the injected fuel. The final image was an average of 100 individ-
ual images thus removing any temporal effects. The background
image, which was also an average of 100 images, was first sub-
tracted from the averaged image. The background subtracted image
was then normalized with the correspondingbackgroundsubtracted
premixed image. To calculate the inlet fuel profile, intensities of six
adjacent pixels at the same radial location, about 1.8 mm down-
stream of the dump plane, were averaged and plotted against their
radial location.

CH Chemiluminescence

Phase-resolved CH chemiluminescence imaging was used to
characterize the spatial and temporal evolution of the heat-release
structure in the combustor at selected unstable operating conditions.
Chemiluminescencefrom a variety of flame radicals, including CH,
COz, and OH, has been used as an indicator of both local>?® and
global®’’ heat release in lean premixed hydrocarbon flames. Recent
studies,”® however, have shown that the HCO radical is a more ac-
curate indicator of local heat release in highly stretched flames.
Although it is clear that flame stretch effects will be important in
terms of certain aspects of lean premixed gas turbine combustion,
such as lean blowout and CO emissions due to flame quenching, it
is alsoreasonableto assume that the bulk of the heat release will oc-
cur under conditions where flame stretch is not an important factor,
particularly with a fuel that is predominately methane.”~3' Another
issue with respect to using chemiluminescenceintensity as an indi-
cator of the heat release is the functionalrelationshipbetween these
two quantities. Bandaru et al.2” have shown, for example, that CH
chemiluminescence intensity varies nonlinearly with equivalence
ratio from lean blowout to stoichiometric conditions. Their results
also show, however, that over a small range of fuel-lean equivalence
ratios that this behavior can be reasonably approximated as linear.
In the work presented in this paper, such a linear relationship is
assumed.

The ICCD camera with a bandpass filter centered at 430 nm
(£5 nm bandwidth) was used to capture the CH chemilumines-
cence images. The field of view was 152 x 114 mm. To trace the
developmentof the heat-release structure through one period of the
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instability, the measurement was phase synchronized with the pres-
sure signal from the combustor. At each phase angle 32 individual
images were taken and were averaged to represent the heat-release
structure at that phase angle. Averaged images were acquired at 12
different phase angles over the time period of each pressure oscil-
lation. The phase-averaged value of the fluctuating pressure at the
dump plane was also recorded at each phase angle and was then
used for further analysis of the heat-release data.

Deconvolution

The CH chemiluminescence images captured using the proce-
dure just described were line-of-sight images. This resulted in a
distorted picture of the actual heat-release structure. A three-point
Abel deconvolution scheme?? was used to extract two-dimensional
datafrom the line-of-sightimages. The inversion procedureassumes
axisymmetry, whereas the flame images were slightly asymmetric.
For the purpose of deconvolution, however, intensities at the same
axial coordinateand at equal radii were averaged to artificially make
the images axisymmetric. Also implicit in this procedure is the as-
sumptionthat the intensity at each pixel has its source along a line of
sight that is perpendicularto the surface of the pixel, which, again,
is not completely true. Off-axis points also contribute to the inten-
sity at each pixel. To minimize this error, the camera has to be as far
away from the source as possible. As is typical of the Abel deconvo-
lution procedure, some noise was observed along the centerline of
the reconstructedimage. This was in the form of a very thin band of
approximately five pixels (1.4 mm) with inordinately high-intensity
values. The image was smoothed around the centerline, and the
noise was artificially removed. The deconvolutedimages were then
used for all further analyses.

Analyses of CH Images

Besides visual inspection, several different analyses were per-
formed on the CH images. In particular, flame area and total chemi-
luminescenceintensity were calculated at each phase angle, whereas
the Rayleigh index was evaluated as a function of position in the
flame.

The flame area was calculated from the deconvoluted two-
dimensional chemiluminescenceimages. Based on estimates of the
turbulent Damkohler number and turbulent Reynolds number, one
can assume thatunder the conditions of these experiments that com-
bustion was in the wrinkled laminar flame regime.*® Therefore, the
two-dimensionalchemiluminescenceimages effectivelyrepresenta
two-dimensional turbulent flame brush. To calculate the flame area,
first the maximum intensity throughoutthe flame brushis identified.
Then the boundary of the flame brush is fixed by defining any pixel
that has an intensity greater than 5% of the maximum intensity as
part of the flame. Once the perimeter of the flame brush has been
defined, pixels of maximum intensity in the flame are identified
on lines locally perpendicular to the flame brush. The line joining
these pixels represents the average two-dimensional flame sheet.
The three-dimensionalsurface area of the flame sheet is defined by
the surface of revolutionof the average two-dimensional flame sheet
around the centerline of the combustor. It is important to recognize,
however, that this flame area is the average, or what might be called
the laminar, flame area. Therefore, it is not the actual flame area
because it does not include the flame area associated with the tur-
bulent wrinkling of the flame surface. This point will be addressed
again later.

Total chemiluminescenceintensity is calculated by summing the
intensities of all of the pixels that are part of the flame brush,
weighted by the radial location of each pixel to account for the
annular volume represented by each pixel.

The local Rayleigh index R(x, r) is given by

R(x,r) = %/ZJTrp’(t)q’(x, r,t)dt (1)

where p’ is the fluctuating pressure and g’ is the fluctuating heat
release.?’ Implicit is the assumption that the pressure measured at

the dump plane s the pressure over the entire flame. This is a reason-
able assumption because the flame length (<5 cm) is much shorter
than the wavelength of the pressure wave (~170 cm). Hence, at any
giventime, the pressureis effectivelyuniformover the flame surface.
The time integralin the Rayleigh index calculationis approximated
by a sum over the 12 images. The local Rayleigh index represents
the correlation between the local pressure oscillation and the local
heat-release oscillation. As proposed by Rayleigh,® regions that act
as drivers of the instability have a high correlation between pres-
sure and heat release, and hence a positive Rayleigh index, whereas
regions that damp the instability have a negative Rayleigh index.

Results and Discussion

The first results to be presented are from tests carried out to de-
termine the stability characteristicsof the combustor at the baseline
condition, thatis no swirl, no centerbodyrecess,400°C inlet temper-
ature, and 100% premixed. These results are presented in the form
of stability maps that are plots of the amplitude of the peak-to-peak
pressure fluctuations in the combustor vs the overall equivalence
ratio.

Figure 3 shows the stability maps for different inlet velocities at
the baseline condition. The leftmost point on each curve is the lean
blowout limit for that velocity. Combustion is defined to be unstable
if there is a marked increase in the amplitude of the pressure fluc-
tuations for a relatively small increase in equivalence ratio and if
the frequency spectrum of the pressure fluctuations reveals a dom-
inant frequency or frequencies. For example, in the 6-m/s case, as
the equivalenceratio is increased from the lean blowout limit, com-
bustion first becomes unstable around an equivalence ratio of 0.55,
then it restabilizes at about an equivalence ratio of 0.8, and then it
becomes unstable again as the equivalence ratio approaches stoi-
chiometry. This trend, including the values of the equivalence ratio
at which combustionchanges from stable to unstableand vice versa,
is repeatable from day to day. If the 6-m/s result is compared to the
results at lower velocities it is apparent that the tendency for com-
bustion to become unstable increases as the inlet velocity increases.
Similar results have been obtained by Katsuki and Whitelaw,** who
noted that the stable range of combustion in a bluff-body stabilized
flame decreased with increasing Reynolds number.

The frequency spectra of the pressure signal for all of the unsta-
ble conditions at the baseline operating condition exhibit a domi-
nant frequency at about 490 Hz (£50 Hz), and as the strength of
the instability increases, higher harmonics also begin to appear. If
an average temperature in the combustor is assumed, the frequen-
cies of longitudinal-, transverse-,and bulk-mode instabilitiesin this
combustor can be calculated. For a temperature of 1700 K, one cal-
culates a longitudinalhalf-wavefrequency of 470 Hz, a fundamental
transverse-modefrequency of 4000 Hz, and a bulk-mode frequency
of 150 Hz. Comparing these to the measured frequency of 490 Hz
indicates that this is a longitudinal-modeinstability. As equivalence

Peak to peak pressure amplitude (psi)

Fig. 3 Stability maps for different inlet velocities at the baseline con-
dition.
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ratio increases, the frequency of the instability is found to increase.
This is consistent with the wavelength remaining constant (fixed by
the length of the combustor) while the sound speed increases due to
the rise in flame temperature.

Phase-resolved CH chemiluminescence images for the unstable
baseline operating condition at 6 m/s and ¢ =0.6 are presented
next. Figure 4a shows the line-of-sightchemiluminescenceimages,
and Fig. 4b shows the correspondingdeconvolutedtwo-dimensional
images. The locations of the mixer and centerbody are shown for
reference. Both sets of images show evidence of periodic shedding
of vortices from the dump plane and their interaction with the flame;
however, this is more clearly seen in the deconvolutedimages. The
deconvolutedimages also show that there is no heat release on the
centerlineof the combustor, as one would expect. It can be seen from
the images, which are taken over one period of pressure oscillation,
thatone vortex is shedevery period. This indicatesa vortex shedding
frequency equal to the instability frequency and well removed from
the natural shedding frequency, which is of the order of 2000 Hz
(Ref. 11). The difference between the natural shedding frequency
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and the forced shedding frequency reveals a strong interaction be-
tween the fluid dynamics at the step, that is, vortex shedding, and
the acoustics of the combustor. Similar results have been obtained
for all of the unstable baseline conditions at which images were ac-
quired, suggesting that flame—vortex interaction plays an important,
if not critical, role in the instabilities observed at these conditions.

The stability maps in Fig. 3 indicate thata smallincreasein equiv-
alence ratio results in a stable flame becoming unstable. A possible
explanation for this behavior, based on flame—vortex interaction,
is shown in Fig. 5. Two possible flame—vortex configurations are
shown. In the first, which is at the lower equivalenceratio, the flame
and vortex do notinteract.In the second, whichis at a slightly higher
equivalenceratio, the flame has widened due to its increased flame
speed and, as a result, does interact with the vortex.

Figures 6—8 show the results of the analyses carried out on the
two-dimensionaldeconvolutedCH images presentedin Fig. 4b. The
Rayleigh index distribution (Fig. 6) indicates that at this operat-
ing condition the instability is most strongly driven in the outer
shear layer, about 100 mm downstream of the dump plane. This
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is consistent with the preceding observations regarding the role
of flame—vortex interaction in the observed instabilities. It is also
clear that the overall Rayleigh index, which is the spatial integral
of the local Rayleigh index over the entire flame zone, is positive.
Rayleigh index distributions for other inlet velocities and overall
equivalence ratios, at the baseline operating condition, show that
the driving regions are approximately at the same radial location;
however, they move closer to the dump plane as the inlet velocity
decreases. Flame—vortex interactionsuggests a possibleexplanation
for this behavior. Note that the frequency of the instability remains
approximately the same, irrespective of velocity, and that the time
availablefor the vortex to convectdownstreamis approximately half
a time period; therefore, at lower velocities, the vortex convects a
smaller distance in the time available. This implies that the flame
fluctuates over a shorter distance from the dump plane, thus moving
the driving zone closer to the dump plane.

Figure 7 shows the variationof total chemiluminescenceintensity
with time over one period of pressure oscillation for the conditions
in Fig. 4b. Because the chemiluminescenceintensity is proportional
tothe flame’s heat release, this resultis in agreementwith Rayleigh’s
criterion that states that, for combustion to be unstable, the fluctu-
ating heat release has to be in phase with the fluctuating pressure.
The resultin Fig. 7 shows that the heat-release fluctuation leads the
pressure fluctuation by approximately 36 deg. This is contrary to
the notion that, in combustion systems with small acoustic losses,
the heat-release fluctuation and the pressure fluctuation have to be
in quadrature.'® However, phase differences significantly less than
90 deg have also been observed by a number of authors, including
Langhorne® Keller and Saito,* and Fernandes and Heitor.>’

The variation in flame area for the results shown in Fig. 4b is
shown in Fig. 8. This result shows that the flame area fluctuations
are also very nearlyin phase with the pressureoscillation,suggesting
that flame area fluctuations play a role in the observed heat-release
fluctuations. A similar observation based on flame length fluctua-
tions was made by Reuter et al.*® It is not clear, however, from their
results whether the heat-release fluctuation can be attributed en-
tirely to flame area fluctuations because other factors, for example,
equivalenceratio fluctuations, were not addressed.

To identify the relative contributions of flame area and equiva-
lence ratio fluctuations to the heat-release fluctuation, the following
simple analysis was carried out. By the assumption that the flame is
in the wrinkled laminar flame regime, the elemental mass flow rate
of unburned fuel and air flowing into the flame can be given by

dm, = p,$; dA 2

where p, is the density of the unburned gas, ; is the laminar flame
speed, and dA is the elemental flame area. In general p, and S; may
vary along the flame front. By the utilization of the relationship
between the total air and fuel flow rate m,, the fuel flow rate m f,
and the equivalenceratio ¢, this equation can be written in terms of
the elemental fuel flow rate, which is the fuel flow rate throughdA,
as follows:

0.05¢

1+ 0.05¢ dA ®)

dmf = IOuSI

where 0.05is the stoichiometricmass-basedfuel-airratio for natural
gas and air. The elemental heat-releaserate dQ is then given by

d0 = p, S, 0.059 HV dA )
= PIT0.054

where the heating value (HV) of the fuel is at the temperature of the
unburned gas T, . If we assume that the reactants behave as an ideal
gas, this can be written as

. P 14005 0.05
40 = —— 1F00? \iy hv 5292 44 s
R,T, 057+ 0.05¢ 1+0.05¢

where MW is the molecular weight of natural gas and 0.57 is the
ratio of the molecular weight of natural gas to that of air. If it is
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assumed that the laminar flame speed is proportional to the equiv-
alence ratio, that is, S; = C; - ¢, which is a reasonable assumption
under fuel lean conditions,** then Eq. (5) reduces to

0.05¢>
C,P LAY\ (©6)
0.57 +0.05¢

. HVMW,
do =
Rll’]-‘ll

Inthiscase, C| is aconstantbecausethe inlettemperatureis fixed and
because pressure has negligible effect on flame speed at the equiva-
lence ratios and pressures under study.>* Stretch effects, which can
also play an importantrole in flame speed determination, may not be
negligible, but for the purposes of this analysis, they are assumed to
be. This may not be a bad assumption because the fuel is composed
predominantly of methane (~96%), which has a Lewis numberclose
to unity33=%7

Althoughpressureand equivalenceratio are fluctuatingwith time,
itis reasonableto assume thatat a given instantof time that the pres-
sure and the equivalenceratio are uniform over the entire flame. For
this to be true, the length of the flame zone (<5 cm for the flame
shown in Fig. 4b) must be much smaller than the wavelengths of
both the pressure and equivalenceratio oscillationsin the unburned
gas, which would be the acoustic and the convective wavelengths,
respectively.For the flame shown in Fig. 4b, the acoustic wavelength
is approximately 170 cm, and the convective wavelength is approx-
imately 20 cm. Therefore, it is certainly reasonable to assume that
the pressure is uniform over the flame zone at any instant of time,
but thisis only marginally true for the equivalenceratio. In addition,
T, can be assumed to be a constant, independent of both space and
time. Hence, Eq. (6) can be integrated over the area of the flame
yielding

.o 0.05¢°(1)
01 = CAOPWO G osrs ©)
0(1) = AP f(1) (8)

where C, = HV - MW, - C,/R,T,, f(t) = 0.05¢*(1)/[0.57 +
0.05¢ (¢)] represents the combined effects of equivalence ratio on
heat release, and P(¢) is the effect of fluctuating pressure, that is,
density, on heat release. Equation (8) is very similar in form to the
equation that Peracchio and Proscia®' used in their study. Whereas
they also used a linear relationshipbetween Q, A, and P, the differ-
ence was that they used time-lag concepts to calculate f(¢) at the
dump plane. )

Because P (t) is measured, whereas Q(¢) and A(¢) are determined
from the CH images, Eq. (8) can be used to calculate f(¢). Note
that the flame area needed in Eq. (8), however, is actually the tur-
bulent flame area, whereas the flame area that is calculated from
the CH chemiluminescenceimages is the average flame area, which
is representative of what would be called the laminar flame area.
Therefore, to use the measured flame area in Eq. (8), it is necessary
to assume that the turbulent to laminar flame arearatio is a constant
during the instability, and then this constant becomes part of C,. In
general, the ratio of the turbulentto laminar flame area is a function
of the turbulence intensity and the turbulence length scales. There-
fore, this assumption implies that the turbulence properties of the
flow do not change during the instability.

Equation (8) can now be used to determine the relative contribu-
tions of flame area, pressure, and equivalence ratio fluctuations to
the observed total heat-release fluctuations. To do this, C, f () is
first calculated at all of the data points using the measured values
of O, P, and A. Equation (8) is then written in differential form
as

dQ = C,¢,AdP + C,,PdA + C,APdf (¢, 1) 9)

The three terms on the right-hand side of Eq. (9) represent the rel-
ative contributions to the differential change in the heat release due
to a differential change in pressure, a differential change in flame
area, and a differential change in equivalence ratio, respectively.
(Note that although the particular operating condition being con-
sidered is 100% premixed, temporal equivalence ratio oscillations
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g. 10 Stability map showing the effect of swirl.

still can occur because the fuel flow is choked and, therefore, con-
stant, while the air flow rate is fluctuating >*) Beginning at the phase
angle that has the mean heat release, that is, the heat-release fluctu-
ation is zero, each term in Eq. (9) is calculated for each time step,
and then the cumulative sum of each term is plotted with time in
Fig. 9. It can be seen that the contributions due to flame area fluc-
tuations and equivalence ratio fluctuations are of the same order,
whereas the contribution from pressure, that is, density, fluctua-
tions is negligible. This indicates that the heat-release fluctuation,
in this case, is associated with both flame area and equivalenceratio
fluctuations.

The results presented and discussed so far have been for the base-
line conditions, that is, no swirl, no centerbody recess, and 100%
premixed fuel and air. In the following, the effects of swirl, center-
body recess, and the combustorinletfuel distributionon the stability
characteristics of this combustor are presented and discussed.

The effect of swirl on the stability characteristicsof the combustor
is shown in Fig. 10 for the 6-m/s, 400°C, 100% premixed operating
condition. As shown in Fig. 10, the effect of swirl is to stabilize the
combustion process at higher equivalenceratios and to introduce a
new regime of unstable combustion at equivalence ratios close to
lean blowout. Stabilization at higher equivalence ratios with swirl
is possibly due to the disruption of the normal vortex shedding pat-
terns. Ahmed and Nejad*® noted that the corner recirculation zone
significantly reduces in size with swirl. The same effect was also
noted by Sivasegaram and Whitelaw,*! who observed that the length
of the corner recirculationzone was reduced by 33% when the inlet
swirl number was changed from 0 to 0.46. This, possibly,decreases
the chance of flame—vortex interactionresulting in more stable com-
bustion. The new instability regime, that is, near lean blowout, is
most likely due to rapid detaching and reattaching of the flame from
the bluff centerbody, as opposed to flame—vortex interaction, and
can be associated with the central toroidal recirculation zone that
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Fig. 11 Stability maps showing the effect of centerbody recess.

forms in front of the centerbody with strong inlet swirl.** Note,
however, that there is no change in the frequency of the instability,
indicatingthat thereis no changein the mode of the instability either.
This is unlike the result of Logan et al.,> who observed a bulk-mode
instability near lean blowout as compared to a longitudinal-mode
instability at higher equivalenceratios.

The effect of centerbody recess on combustion stability is pre-
sented in Fig. 11 for the 6-m/s, 400°C, no-swirl, 100% premixed
operating condition. The baseline case with no centerbodyrecessis
the most susceptible to unstable combustion. As the centerbody is
recessed, combustion becomes stable over a wider range of equiv-
alence ratios, until at a centerbody recess of 1/2D, no instabilities
are observed. Assuming that flame—vortex interactionis responsible
for the instabilities in the no-swirl case with no centerbody recess,
it seems reasonableto speculate that recessing the centerbody alters
this interaction and, therefore, stabilizes the combustion. There are
two possible explanations why flame—vortex interaction becomes
less important as the centerbody is recessed. One is simply that a
significant portion of the flame, and hence the heat release, occurs
inside the mixing tube and, therefore, upstream of the dump plane
where the vortex is formed. The other is that because the flame is
partially confined by the mixing tube, it is narrower than in the case
with no centerbody recess. Therefore, the flame interacts less with
the vortex that is shed at the dump plane.

That flame—vortex interactionseems to play arole in all of the in-
stabilities that were observed without swirl suggests thatit may also
offer an explanation for the effect of increasinginlet velocity on the
stability characteristics at the baseline condition. The effectiveness
of the interaction between the flame and the vortex depends on the
coherence or strength of the vortex. Because increasing Reynolds
number increases the coherence of the vortex, it is reasonable to
speculate that this in turn increases the effectiveness of the flame—
vortex interaction.

The effect of inlet fuel distribution on combustion stability is
shown in Fig. 12 for the 6-m/s, 400°C, no-swirl, no centerbody re-
cess operatingcondition. However, before discussing these results it
is importantto comment briefly on the relationshipbetween the inlet
fuel distribution and incomplete fuel-air mixing. Although incom-
plete fuel-air mixing in lean premixed combustors is undesirable
because of its effect on NO, emissions, that is, incomplete mixing
increases NO, emissions, its effect on stability is not clear.'>*? This
is because whenever there is incomplete fuel-air mixing there is
almost always a gradientin the mean fuel distribution that itself can
have a significant effect on stability. This is illustrated in the fol-
lowing discussion of the results shown in Fig. 12. The three cases
shown in Fig. 12 are the so-called 100% premixed, 75% premixed,
and 50% premixed conditions. The first observationis that the lean
limit shifts to higher equivalence ratios as the percentage of pre-
mixed fuel decreases, where the lean limit is defined as the lowest
equivalenceratio for which the flame is anchored on the centerbody.
The reason for this becomes apparentafter considering the inlet fuel
distributionin the partially premixedcases. Figure 13 shows the inlet
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Fig. 13 Inlet fuel distribution.

fueldistributionfor an inlet velocity of 5 m/s, an overall equivalence
ratio of 0.9, no-swirl, no centerbodyrecess, and 50% premixed con-
ditions. The end of the centerbody and the mixer exit are shown for
reference. This resultis typical of all of the partially premixed condi-
tions in that the equivalenceratio increases from a minimum along
the centerbody to a maximum along the wall of the mixing tube.
For example, in the 50% premixed case with an overall equivalence
ratio of 0.9, the equivalence ratio varies from a minimum of 0.6 at
the centerbody to a maximum of 1.2 at the mixing tube. Therefore,
the overall equivalence ratio required to have an equivalence ratio
at the centerbody that is sufficient to anchor the flame increases as
the percentage of premixed fuel decreases.

In terms of the effect of the inlet fuel distribution on the stability
characteristics of this combustor, the results in Fig. 12 indicate that
as the percentage of premixed fuel decreases there is a significant
increase in the strength of the instability, both in the midrange of
equivalence ratios and at near stoichiometric conditions. The ten-
dency for combustion to restabilize at equivalence ratios near 0.8
is still evident in the partially premixed cases, but it is not as pro-
nounced as it is in the 100% premixed case.

Again, because there is no swirl in these cases, it is interesting
to attempt to explain this behavior in terms of flame—vortex inter-
action. As the fuel distribution measurements show, in the partially
premixed cases, the fuel concentrationis greateralong the outer wall
of the mixing tube than along the centerbody. This suggests that the
reaction zone, that is, the flame, is likely to move radially outward
as the percentage of premixed fuel decreases and as aresult be more
susceptibleto flame—vortexinteractions.Rayleighindex plots for in-
stabilities under nonpremixed conditions support this conjecture in
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that they show that as the proportionof the injected fuel is increased,
the location of the maximum Rayleigh index moves outward from
a radial location 25 mm from the centerline for the premixed con-
dition to a radial location 30 mm from the centerline. Again, this
is evidence of the importance of considering the effect of the fuel
distribution when considering the effect of incomplete mixing on
the stability characteristics of lean premixed combustors.

Conclusions

A study of unstable combustionin lean premixed combustors was
conductedin a bluff-body-stabilizeddump combustor. A parametric
study was carried out, and equivalenceratio, inlet velocity, inlet fuel
distribution, centerbody recess, and swirl were all found to affect
combustion stability. For the case of combustion without swirl, in-
creasing equivalenceratio and increasing inlet velocity were found
to increase the susceptibility to unstable combustion whereas in-
creasing the centerbody recess was found to stabilize combustion.
Regarding the effect of the inlet fuel distribution, it was noted that
itis important to distinguish between the effect of incomplete fuel—
air mixing and the effect of the inlet fuel distribution on the sta-
bility characteristics of a lean premixed combustor. CH chemilu-
minescence images were captured at a variety of unstable oper-
ating conditions, and a three-point Abel deconvolution procedure
was employed to extract two-dimensional data from the line-of-
sight images. Rayleigh index distributions were calculated from
these two-dimensionalimages and were used to identify driving re-
gions of the instability. These results indicated that vortex shedding
playsanimportantrole during unstable combustion when thereis no
swirl. In fact, most of the instability characteristics observed with-
out swirl could be explained in terms of flame—vortex interactions.
The variation of pressure, flame area, and total heat release was also
compared. A simple analysis revealed that without swirl the heat-
release oscillation was associated with both flame area fluctuations
and equivalence ratio fluctuations. A fundamental difference ap-
pears to exist between the instability mechanism with and without
swirl. Whereas swirl stabilizes combustion at higher equivalence
ratios, it seems to introduce instability at equivalenceratios near the
lean blowout limit. In summary, this study shows the importance of
characterizing flame—flowfield interactionsin understanding unsta-
ble combustion.
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