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Flame Edge Dynamics and
Interaction in a Multinozzle Can
Combustor With Fuel Staging

The characterization and mitigation of thermoacoustic combustion instabilities in gas
turbine engines are necessary to reduce pollutant emissions, premature wear, and com-
ponent failure associated with unstable flames. Fuel staging, a technique in which the
fuel flow to a multinozzle combustor is unevenly distributed between the nozzles, has been
shown to mitigate the intensity of self-excited combustion instabilities in multiple nozzle
combustors. In our previous work, we hypothesized that staging suppresses instability
through a phase-cancelation effect in which the heat release rate from the staged nozzle
oscillates out of phase with that of the other nozzles, leading to destructive interference
that suppresses the instability. This previous theory, however, was based on chemilumi-
nescence imaging, which is a line-of-sight integrated technique. In this work, we use
high-speed laser-induced fluorescence to further investigate instability suppression in
two staging configurations: center-nozzle and outer-nozzle staging. An edge-tracking
algorithm is used to compute local flame edge displacement as a function of time, allow-
ing instability-driven edge oscillation phase coherence and other instantaneous flame
dynamics to be spectrally and spatially resolved. Analysis of flame edge oscillations
shows the presence of convecting coherent fluctuations of the flame edge caused by peri-
odic vortex shedding. When the system is unstable, these two flame edges oscillate
together as a result of high-intensity longitudinal-mode acoustic oscillations in the com-
bustor that drive periodic vortex shedding at each of the nozzle exits. In the stable cases,
however, the phase between the oscillations of the center and outer flame edges is greater
than 90deg (~114 deg), suggesting that the phase-cancelation hypothesis may be valid.
This analysis allows a better understanding of the instantaneous flame dynamics behind

flame edge oscillation phase offset and fuel staging-based instability suppression.
[DOI: 10.1115/1.4044230]

Introduction

Lean premixed combustors facilitate efficient combustion of
natural gas with lower NO, emission levels [1]. However, such
combustors are susceptible to combustion instability, a thermoa-
coustic feedback process [2]. This feedback loop manifests when
acoustic oscillations drive heat release rate oscillations, a result of
local equivalence ratio and convective velocity fluctuations driven
by the acoustics. Thus, when an in-phase relationship between
local heat release rate oscillations and the natural acoustic mode
of a combustor is obtained, the thermoacoustic feedback loop is
strengthened and appreciable energy is transferred to the acoustic
field [3].

From an operability standpoint, mitigation of combustion insta-
bility is necessary to reduce convective heat transfer to internal
components, the potential for flashback and blow-off, and acoustic
vibratory loads. Various control methods have been proposed and
implemented industrially [4,5]. In almost all operational gas tur-
bines, passive methods of control are used, as these methods may
be implemented during the design phase to tailor the combustor’s
acoustic response or added after to mitigate unforeseen issues.

A commonly used passive strategy called fuel staging involves
redistribution of fuel flow to different nozzles within a multinoz-
zle combustor as a means of interrupting the instability feedback
cycle. Fuel staging has been shown to be effective in industrial
gas turbines, including the Siemens SGT-200 industrial gas tur-
bine [6,7] and in the GE DLN-2.6 combustion system [8]. Studies
of fuel staging have shown that the primary effect of fuel staging
is to redistribute the heat release inside the combustor, which can
have a number of effects on the instability. Work by Li et al. [9]
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showed, through a numerical simulation of a Rijke tube combus-
tor, that nonuniformity of the heat release could drive vortical
waves in the combustor that decreased the amplitude of the insta-
bility growth rate.

A larger literature on nonuniform heat release rate effects exists
for annular combustor systems, where transverse modes are more
common than in can combustor systems. A symmetry-breaking
argument was made by Cohen et al. [10] in an annular combustor,
where they showed that the driving of the transverse mode was
inherently linked to the symmetry of the heat release rate around
the annulus. Numerous theoretical investigations have shown the
effect of nonuniform heat release rate in annular combustors,
including work by Noiray et al. [11,12], Ghirardo and Juniper
[13], Acharya et al. [14], and Li et al. [15], but these studies typi-
cally do not model detailed flame dynamics and so the flame
mechanisms by which instability is suppressed with nonuniform
heat release rate distributions is still unclear. Additionally, the
mechanism for suppression of a transverse mode is likely different
than that of a longitudinal mode, particularly when comparing an
annular and a can combustor where the cut-on frequencies for the
transverse and longitudinal modes are very similar in annular sys-
tems but can be an order of magnitude different in can systems.

Literature detailing the mechanism by which fuel staging stabil-
izes the combustor is sparse, despite the growing literature on
multinozzle combustor systems [16-20]. We have previously
shown that the in-phase oscillation of adjacent flames in the unsta-
ble regime suggests the presence of large-scale, coherent vortical
structures that convect downstream from the combustor dump
plane [21]. Examination of local instantaneous heat release rate
phase via chemiluminescence imaging showed these oscillations
to occur in-phase with dynamic pressure sampled at the dump
plate [22], illustrating two components of the instability feedback
loop. In the stable regime, the staged flame seemed to oscillate out
of phase with the other flames, as evidenced by a shift in the local
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phase oscillations of adjacent flames and a significant reduction in
the pressure fluctuation amplitude. Thus, we proposed that fuel
staging breaks the instability feedback loop by de-phasing the
oscillations of the staged flame relative to the other flames, reduc-
ing the global heat release rate oscillations and suppressing energy
input to the acoustic field.

Recently, we showed that axisymmetric fuel staging can pro-
vide similar levels of instability suppression as nonaxisymmetric
fuel staging [23]. In this experiment, we varied the fuel staging to
all five nozzles separately and compared the pressure root-mean-
square (RMS), chemiluminescence RMS, and instantaneous phase
between the chemiluminescence oscillations and the pressure
oscillations (via a Hilbert transform) to understand the differences
in staging with different nozzles. Additionally, we identified the
“bifurcation equivalence ratio,” or the staging equivalence ratio
required in each nozzle to suppress the instability; it varied
between the center nozzles and three of the four outer nozzles. An
apparent difference in effectiveness between the center nozzle and
one of the outer nozzles was attributed to minor nozzle hardware
variations.

The chemiluminescence imaging technique used in these two
previous studies is limited in that it is a line-of-sight integrated
technique, which does not provide spatial resolution of flame edge
structure or localized phenomena [24]. Another imaging-based
diagnostic technique, OH-radical planar laser-induced fluores-
cence (OH-PLIF), excites OH radicals within a thin laser sheet.
The excited OH radicals then fluoresce at a known wavelength. In
conjunction with a high-speed camera, this method produces
images with high spatial and temporal fidelity. Here, OH-PLIF
images taken across the centerline of adjacent flames were used to
understand local flame interaction dynamics.

In this work, we utilize OH-PLIF and an edge tracking algo-
rithm to investigate the previously proposed hypothesis that fuel
staging suppresses instability via flame oscillation phase cancela-
tion. We consider two cases—center-nozzle staging, which has
been shown to repeated suppress instability, and right-nozzle stag-
ing, which is our experiment did not suppress the instability as the
other nozzles [23]. In particular, the right nozzle had a higher
bifurcation equivalence ratio than the center nozzle, which means
that it required more fuel staging than the other four nozzles to
adequately suppress instability. This difference in staging efficacy
between nozzles is apparent in both the pressure fluctuation ampli-
tude as well as the dynamics of the flame in the OH-PLIF
imaging.

Experimental Setup and Methods

Experimental Configuration. Experiments are conducted in a
laboratory-scale four-around-one multinozzle can combustor,
shown in Fig. 1(a), which has been previously described in Refs.
[21] and [22]. This combustor confines atmospheric pressure pre-
mixed natural gas—air flames anchored to annular swirler nozzles
within an optically accessible 25.4 cm diameter cylindrical quartz
chamber with an open, pressure-release boundary condition at the
exit. A representative nozzle cross section is provided in Fig. 1(b);
actual nozzle geometry is proprietary, but this sketch shows the
key flow passages within the nozzle and how the fuel and air are
mixed in the swirler vanes.

Compressed air is preheated to 200°C via a S0kW process
heater (Tempco) and mixed with natural gas to form a 200 psi pre-
mixed bulk mixture, which is supplied to each nozzle at equal
flowrates via a manifold. A nominal thermal output of approxi-
mately 220kW is produced by fuel and air flowrates of 452 SLM
and 7162 SLM, respectively. These flow rates result in a nozzle
bulk velocity of 26 m/s.

Modification of the equivalence ratio of the fuel/air mixture
produces self-excited instability; the first quarter-wave longitudi-
nal mode is unstable at approximately 530 Hz and no other modes
are present at the conditions in this study. The combustor is
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Fig. 1 (a) The multinozzle combustor and (b) a cross section
of the staged nozzle showing (1) flow of premixed fuel and air,
(2) injection of staging fuel, (3) swirler, and (4) the combined
flow region

thermoacoustically unstable when all nozzles are fueled at an
equivalence ratio of 0.7 and above. A more detailed discussion of
the stability map of this experiment is in Samarasinghe et al. [21],
but only variations around the stability bifurcation point at an
equivalence ratio of 0.7 were considered here. The unstable condi-
tion of the combustor is defined by a dump plane pressure varia-
tion RMS (P'rms) of greater than 0.5kPa (0.05% of the mean
combustor pressure). Additionally, instability tonality is ensured
by requiring a 12 Hz bin centered about the instability frequency
to have an amplitude greater than 30 times that of the noise floor.
The dump plane pressure signal frequency resolution for all
experiments is 0.0625 Hz.

An analog solenoid valve (Humphrey ProControl PC3) actuates
an auxiliary fuel delivery system that permits fuel staging by
injection of natural gas in the fuel circuit of each nozzle. This
staging flow represents approximately 5% of the total fuel flow
rate. As shown in Fig. 1(b), the bulk mixture flows through the
annulus of each nozzle, with staging fuel injected upstream of the
swirler of the selected nozzle. Previous measurements [25] dem-
onstrated that the bulk and staging flows are thoroughly mixed
ahead of the nozzle orifice.
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When fuel staging is applied, the equivalence ratio of the stag-
ing nozzle increases, while the equivalence ratio of the other four
nozzles decreases since all fuel circuits are connected to a com-
mon source; as such, fuel staging is largely a redistribution of the
fuel rather than a significant change in the global equivalence
ratio. However, staging does increase global equivalence ratio
slightly, resulting in global equivalence ratios in the range
between 0.71 and 0.72, depending on staging level. Self-excited
instability is present at these global equivalence ratios without
staging. Instability suppression is achieved when the global equiv-
alence ratio is held constant and staged nozzle equivalence ratio is
increased to 0.80 (in the center nozzle) or 0.85 (in the right noz-
zle); these differences in the staging efficacy were detailed in
Culler et al. [23]. The fuel staging system enables the equivalence
ratio of a selected nozzle to be modified in increments of approxi-
mately 0.01. A National Instruments data acquisition system is
used for staging solenoid control and thermal and pressure data
acquisition.

Air flowrate control is provided by a manual needle valve and a
Sierra Instruments 760S flowmeter. Bulk fuel flowrate is con-
trolled with a manual needle flowrate and a Teledyne-Hastings
HFM-301 flowmeter. Staging flowrate is measured by a Teledyne-
Hastings HFM-201 flowmeter and is solenoid controlled.

Diagnostics. Type K thermocouples sense dump plane and
nozzle center body temperatures throughout each experiment. The
temperature at these locations is registered at the beginning and
ending of each run to ensure consistent thermal conditions
between tests. A water-cooled dynamic pressure transducer
mounted in a recess on the dump plane samples dynamic pressure.
Pressure and thermal data are collected at 16,384 Hz; a 10Hz
high-pass filter is applied to eliminate low frequency noise
induced by vibration of the pressure transducer.

OH planar laser-induced fluorescence is used to visualize
ground-state hydroxyl radicals within a laser sheet, allowing flame
edges to be defined with high spatial and temporal fidelity. A
pump laser (Edgewave Innoslab IS200-2L Nd:YAG diode laser)
is used with a rhodamine chloride dye laser (Sirah Credo high-
speed dye laser) to produce an approximately 2.0 W beam. The
beam is pulsed at 10kHz with a pulse energy of approximately
0.2mJ/pulse at 282 nm. Images are taken at 10 kHz via high-speed
camera (Photron SA 1.1) equipped with an intensified relay optic
(LaVision HS-IRO) and a UV lens (Cerco 100mm f£/2.8). A
320 nm filter (LaVision 1108760 VZ-Image) isolates OH fluores-
cence emissions.

An optical chain consisting of UV mirrors, positive and nega-
tive cylindrical lenses, and a periscope is used to steer and colli-
mate the laser beam into a vertical sheet approximately 40 mm
high. In this paper, we discuss results measured in a 20 mm sheet
located near the dump plane to capture the dynamics of the flame
near its attachment point; two other fields of view were measured
downstream, but the results are not presented here due to lower
signal quality. The field of view analyzed in this study is in Fig. 2,
which shows a time-averaged chemiluminescence image of the
flames with the sheet location and field of view overlaid on top.

A National Instruments LABVIEW interface facilitates the data
collection process by providing data acquisition system communi-
cation, staging solenoid control, and high-speed camera triggering
in tandem with pavis control software (V 8.3.1) and LaVision
high speed and IRO controllers. Before each experiment, the laser
system is brought to full power and the desired fuel and air flow
rates are set. The LABVIEW interface then initiates the experiment,
sampling thermal and pressure data, opening or closing the stag-
ing solenoid, and triggering high-speed camera recording.

Data Analysis. A maTLAB-based edge tracking algorithm is
used to locate flame edges on a per-frame basis. A modified ver-
sion of Otsu’s method [26] is used to binarize the images with
adjustable high and low saturation thresholds. Bicubic noise
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Fig. 2 Time-averaged chemiluminescence image of the com-
bustor. Black dashed lines denote laser sheet bounds. Red
dashed lines denote LIF image field of view. Gray blocks indi-
cate nozzle boundaries. Left (L), center (C), and right (R) flame
locations marked (See color figure online).

reduction and laser sheet profile corrections are used to improve
image quality. Flames are detected and registered as objects
within each successive binarized frame and the right edge of the
center flame and the left edge of the right flame are identified.

We quantify the oscillations in the flame surface area, which
drive the instability feedback loop during velocity-coupled insta-
bility [27], by measuring the lateral displacement of the flame
edge. This technique is similar to analysis by Shanbhogue et al.
[28], who analyzed the dynamics of bluff-body stabilized flames
under acoustic forcing, enabling them to determine the factors
contributing to coherent flame response. In lieu of a direct local
heat release rate measurement technique, we study local flame
edge displacement and wrinkling, which is a good indicator of
heat release rate fluctuations during longitudinal instability. In
previous work [29], heat release rate oscillations were quantified
through chemiluminescence imaging, which is a line-of-sight inte-
grated technique. Although it provided some insight into the
mechanism by which fuel staging suppresses instability, it cannot
provide information about local or instantaneous flame dynamics,
which the LIF technique can. As the flame oscillates laterally, a
result of vortex rollup in the shear layers excited by the longitudi-
nal acoustic mode, the flame sheet area oscillates as well; compar-
isons between this technique and flame area tracking using level-
set methods [28,30] even at high turbulence intensities [31,32],
have shown good agreement between flame displacement and
flame area metrics. The edge displacement time series (L) is con-
structed by tracking the lateral displacement of the flame edges as
a function of downstream distance and time. A fast Fourier trans-
form is performed on L’ enabling the calculation of flame edge
oscillation phase and flame edge oscillation RMS at the instability
frequency at each location downstream.

The accuracy of the edge tracking algorithm has been verified
by overlaying the identified edges on raw LIF images. This algo-
rithm only accounts for lateral oscillations in the flame and does
not consider the multivalued nature of the flame edge, which can
occur during high-amplitude flame wrinkling due to vortex roll-
up. When the flame is multivalued at a certain downstream loca-
tion, the flame edge farthest from the centerline is chosen.

Results

Time-Averaged Flame Structure. A total of three operating
conditions were considered in this study: unstaged unstable,
center-nozzle-staged stable, and right-nozzle-staged stable; there
are two repeats of each case. For all cases, a baseline equivalence
ratio of 0.70 was set for all unstaged nozzles, with staged nozzles
operated at a richer equivalence ratio of 0.85. A test matrix is pro-
vided in Table 1.

The time-averaged flame shape at each condition is visualized
using the flame surface density (FSD), which is obtained by calcu-
lating the mean of instantaneous flame edge location across all
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Table 1 Test matrix

Staged nozzle Unstaged nozzles Instability

equivalence equivalence amplitude
Mode ratio ratio (psi)
Unstaged unstable 0.70 0.70 0.25
Center-nozzle staged stable 0.85 0.69 0.01
Right-nozzle staged stable 0.85 0.69 0.05

LIF image frames within a given time period. Flame surface den-
sity plots provided in Fig. 3 show both the anchoring of the flame
and some indications of the dynamics. Above each nozzle, a total
of four separate branches are visible. The inner branches corre-
spond to the V-shaped anchored flame, and the outer branches
correspond to the recirculation zones, which are situated between
adjacent flames and between flames and the combustor liner. The
FSDs also show that both center- and right-nozzle staging reduce
the severity of flame branch oscillation associated with instability.
This observation is demonstrated by comparing the width of the
flame brush in each of these cases; the flame brush is markedly
thinner in the center-staging and right-staging cases as compared
to the unstable case.

Time-Varying Flame Dynamics. A series of instantaneous
LIF images depicting the left branch of the right-nozzle flame (RL
branch) and the right branch of the center-nozzle flame (CR
branch) are provided in Fig. 4. The flames are attached to recessed
center bodies, shown by the cross-hatched regions on the far left
and far right sides of the bottom image, and a small recirculation
zone forms behind the dump plane between the flames. Large-
scale flame wrinkling, a result of vortex formation, roll-up, and
convection, is observed on both flame branches during instability,
resulting in enhancement of flame surface area. Though the
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Fig. 3 FSD plots for (a) unstaged unstable, (b) right-nozzle
staged, and (c) center-nozzle staged operating modes
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OH-PLIF image cannot provide direct evidence of the vortex, the
large-scale wrinkling has been shown to be a result of this
velocity-coupling mechanism in previous studies [9]. Specifically,
simultaneous oscillation of the instantaneous flame edge location
indicates vortex formation and shedding occurs coherently
between the RL and CR branch. Arrows in the second column of
images in Fig. 4 mark the formation and shedding cycle of vorti-
cal structures across a 0.5 ms timespan. During vortex formation
and roll-up, large magnitude oscillations occur in L' for both the
RL and CR flame branches. As a vortex forms and convects past
the lower boundary of the laser sheet and into view, the location
of both flame edges is shifted away from the recirculation region
situated between the flames. As the vortex convects further down-
stream, the flame edges oscillate outward. Approximately two
cycles of vortex shedding are shown in the images in Fig. 4, which
should be read top to bottom, left to right. The flame branches
oscillate in and out together as a result of the longitudinal instabil-
ity, which creates simultaneous vortex shedding in both nozzles.

Fuel staging changes the instantaneous vortex dynamics and
flame branch oscillations; instantaneous LIF image time series
presented in Fig. 5 show both the right-nozzle and center-nozzle
staged cases. As indicated by arrows, the right-nozzle staged time
series shows the continued presence of coherent flame edge oscil-
lations with right-nozzle staging, albeit with appreciably subdued
magnitude compared to the unstaged operating mode. The center-
nozzle staged time series shows that coherent flame edge oscilla-
tion is almost eliminated with center-nozzle staging.

Fuel staging is expected to have several different effects on the
flames and their behavior due to the changing equivalence ratio of
each flame; the equivalence ratio of the staged flame increases
and that of the other flames decreases. First, the shape of the
flames changes, as can be seen in the flame surface density plots
in Fig. 3. In particular, we expect that the center of heat release
for the staged flame moves upstream (due to the increase in flame
speed) and that of the other flames moves downstream (due to the
decrease in flame speed). We show next that this change in flame
structure results in phase differences between the heat release rate
oscillations of adjacent flames.

Additionally, the overall heat release rate from each flame
changes accordingly with the equivalence ratio. This means that
heat release rate oscillations from each flame, normalized by the
time-averaged heat release rate, will differ in each flame given the
same input. This change in the equivalence ratio will change the
amplitude of driving each flame can add to the thermoacoustic
feedback cycle. The details of these changes are quantified in the
next section by analyzing the changes to the flame oscillation
amplitude and phase for adjacent flames.

Quantification of Flame Dynamics. The local flame dynamics
are quantified using the flame edge oscillation amplitude (L') and
phase (¢) along the CR branch and the RL branch for all modes,
shown in Fig. 6. Here, Fig. 6(a) shows L'rys as a function of
downstream distance for both flame branches, and Fig. 6(b) shows
the phase of the flame edge oscillations. The spectral densities of
the L’ oscillation at approximately 10 mm downstream of the noz-
zle and those of the combustor pressure oscillation are in Fig. 7.
These spectra provide some idea of the coherence of the oscilla-
tions relative to the background noise. To interpret the phase, it
should be noted that if the flames are oscillating together (as a
result of simultaneous vortex shedding), the phase between the edges
will be 7 radians, as the vortices push the center flame to the right
and the right flame to the left. As such, oscillations of the flame
edges out of phase to create cancelation are represented by a relative
phase of Orad. The slope of the phase is indicative of the wrinkle
convection speed along the flame edge, which should be similar to
the bulk flow velocity, but not necessarily equal to it [33]. The wrin-
kle convection speed is 22.3 m/s for the CR branch and 23.9 m/s for
the RL branch, whereas the bulk velocity is 26 m/s.

As shown in Fig. 6, both the RL and CR flame branches of the
unstable flames exhibit relatively large L'rys values, varying
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Fig. 4 Instantaneous LIF image time series of unstable operating mode. Left to right: center flame, recirculation zone, right

flame. Timestep = 0.1 ms ordered vertically.

between approximately 1.5 and 2.5mm as a function of down-
stream distance. These oscillations occur with a mean phase offset
of approximately 1.37 rad, indicating that simultaneous vortex
shedding is present in the two flames. Single-sided power spectral
densities in Fig. 7(a) show that L’ and P’ peak at identical frequen-
cies, indicating coupling between vortex shedding and pressure
fluctuation. Also, the signal-to-noise ratio in both spectra is very
high, indicating high coherence of the oscillations.

A similar analysis is presented for the right-nozzle staged case
and the center-nozzle staged case. In Fig. 6, the L'gyps values of
the right-nozzle staged case are markedly lower than those of the
unstable case and they have a phase offset of approximately 0.757
radians, indicating the presence of lower amplitude flame wrin-
kling as compared to the unstable case. Single-sided power spec-
tral densities (Fig. 7(b)) have an identical frequency peak to the
unstable case, although the amplitude is lower as a result of the
partially suppressed instability.

In the center-nozzle staged case, L'gps values are notably lower
than those of both the right-nozzle staged case and unstaged case.
The phase offset is close to zero, indicating that flame edge oscil-
lations are out of phase, resulting in possible phase cancelation.
Single-sided power spectral densities (Fig. 7(c)) show that L' and
P’ no longer exhibit high-amplitude frequency peaks, indicating
that the feedback cycle between flame edge fluctuation and

Journal of Engineering for Gas Turbines and Power

pressure fluctuation weakens with center nozzle staging. In this
case, the phase offset should be interpreted with care. As the
amplitude of the signal approaches zero, the phase is not a mean-
ingful quantity. If this limit had been reached, we would expect
the phase to be a random quantity; however, the phase at subse-
quent downstream distances displays continuity, suggesting that
there is some coherence remaining and that we can tentatively
extract conclusions from the phase relationship between the left
and right branches, even at this low oscillation amplitude. At the
higher L'gyps values, more in-phase oscillation of L' and increased
L'—-P’ coherence of the right-nozzle staged case compared to the
center-nozzle staged case captures the reduced “efficacy” and
presence of damped coherent oscillations associated with right-
nozzle staging at the prescribed equivalence ratios.

Box plots of the phase offset (A@) between the CR and RL
flame branches for two examples of each operating mode are pro-
vided in Fig. 8. These plots denote the median of each data set
with a horizontal line; the inner quartile range, limited by the 25th
and 75th percentiles, is represented by a box enclosing the
median. Vertical dashed whiskers extending from the boxes
denote the lowest and highest values of points not considered out-
liers, and outliers are represented by plus signs above and below
the whiskers. Outliers are identified as points that lie outside 1.5
times the inner quartile range [34]. Ninety-one points along the
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Fig.5 Instantaneous LIF image comparison of (a) right- and (b) center-nozzle staging. Timestep = 0.1 ms ordered vertically.

flame are used for the unstable cases, while the right-nozzle staged
and center-nozzle staged cases have 86 and 79 points along the
flame, respectively. The boxplots show the variation in local phase
oscillations between branches as a function of downstream
distance.

As previously mentioned, local L’ oscillations are considered
out-of-phase when ¢ is between 0 and 0.57 radians, and in-phase
when ¢ is between 0.57 and 1.57 radians. The medians in Fig. 8
show that the unstaged unstable and right-nozzle staged cases
exhibit constructive edge oscillation interference, while the
center-staged cases effectively neutralize this coherence. The rela-
tively low spread of the boxes in Fig. 8 corresponding to the
unstaged and right-nozzle staged cases demonstrates the higher
degree of coherence observed in these operating modes; a markedly
higher spread (and thus lower degree of coherence) is present in the
center-nozzle staged cases. The intermittent formation of small-
scale vortices, such as those shown on the RL branch during right-
nozzle staging in Fig. 5, contributes to the presence of outliers in
Fig. 8. The presence of strong edge oscillation coherence and per-
sistent pressure intermittency in the right-nozzle staged operating
mode is further evidence that the aforementioned damped coherent
oscillation state [22] has been reproduced.

The intermittency in the combustor pressure and flame edge
oscillation level, resulting in the spread in the data for the right-
staged and center-staged cases, is driven by intermittency in the
phase of oscillation between the center and right flames. Figure 9
shows time-series data of the dump plane pressure for the unstable
(Fig. 9(a)), right-staged (Fig. 9(b)), and center-staged (Fig. 9(c))
cases. In the unstable case, the RMS amplitude of the instability is
relatively stationary for long time durations (as compared to the
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instability frequency). However, there is higher levels of intermit-
tency in the pressure fluctuation amplitudes for the staged cases.
In particular, the right-nozzle staging case has an intermittent
pressure amplitude, a result of the less effective staging by that
nozzle. In this time signal, intermittent bursts of higher oscillation
amplitude are seen, some of which last for almost a second
(7-7.8 s). This level of intermittency in the instability amplitude is
common for unstable systems near their bifurcation point. Smaller
bursts of higher-amplitude oscillations can be seen in the center-
staged case, but overall the instability amplitude is both lower and
more stable.

Figure 10 provides L' time series of both the right branch of the
center flame and the left branch of the right flame for each
operating mode filtered in a 25 Hz band around the instability
frequency. Observing the data in this way helps to better visual-
ize the relative phase between oscillations on each flame branch.
In the time series of the unstable case (Fig. 10(a)), the edges
are continuously oscillating out of phase, which is indicative of
the two flames undergoing simultaneous flame wrinkling due to
large-scale vortex shedding at the instability frequency. In
the two staging cases, however, the phase between the two sig-
nals drifts between in-phase and out-of-phase oscillations, with
more switching in the right-staged case (Fig. 10(b)) than in
the center-staged case (Fig. 10(c)). The in-phase oscillations
are evidence of the phase-cancelation hypothesis that was pro-
posed to explain the mechanism by which fuel staging sup-
presses instability in the multinozzle combustor. However, the
instantaneous phase between the two flame edges drifts with
time, which results in some ambiguity in the overall phase
shown in Fig. 6.
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Conclusions

This study examined vortex formation and roll-up, edge oscilla-
tion, and interflame edge relations in a multinozzle can combustor
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under unstable, stable axisymmetric (center nozzle) staged, and
marginally stable nonaxisymmetric (right nozzle) staged operating
modes via edge tracking of instantaneous LIF images. The results
support our previous hypothesis [21] in which heat release rate
oscillations driven by interflame edge oscillations are canceled by
fuel staging. The result of this phase cancelation is neutralization
of the instability feedback loop formed between large-scale flame
oscillations, heat release rate fluctuations, and acoustic energy
flux, thus stabilizing the flame. Axisymmetric fuel staging was
found to produce a relatively higher degree of combustion stabil-
ity as defined by local flame edge oscillation RMS, local flame
edge oscillation phase offset, and dump plane pressure intermit-
tency and RMS. This difference in nozzle staging efficacy is
attributed to minor hardware variations between nozzles and repli-
cates the results of our previous chemiluminescence imaging-
based study [23].
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Nomenclature

P = pressure fluctuation
RMS = root-mean-square
L’ = instantaneous flame edge location oscillation
CR branch = right branch of center flame
RL branch = left branch of right flame
¢ = phase of flame edge oscillation
A¢ = phase offset between CR and RL branches
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