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ABSTRACT

This work explores the dynamic stability characteristics of
premixed CH,/O,/CO, mixtures in a 50kW swirl stabilized
combustor. In all cases, the methane-oxygen mixture is
stoichiometric, with different fractions of carbon dioxide
used to control the flame temperature (T,). For the
highest T.q’s, the combustor is unstable at the five-quarter
wave mode. As the temperature is reduced, the combustor
jumps to the three quarter mode and then to the quarter
wave before eventually reaching blowoff. Similar to the
case of CH,/air mixtures, the transition from one mode to
another is predominantly a function of the T,q of the
reactive mixture, despite significant differences in laminar
burning velocity and/or strained flame consumption speed
between air and oxy-fuel mixtures for a given T,y High
speed images support this finding by revealing similar
vortex breakdown modes and thus similar turbulent flame
geometries that change as a function of flame temperature.

1. INTRODUCTION

Oxy-fuel combustion is a promising technology for the
implementation of carbon capture in gas-turbine based power
generation, offering low penalties on efficiency and cost [1].
Successful implementation of this technology requires
addressing two challenges concerning the aerothermodynamic
design of the combustor. First, the substitution of nitrogen
with carbon dioxide as a diluent alters the thermodynamics,
transport properties and relative importance of chemical
pathways of the reacting mixture, impacting the flame
temperature and stability of the combustion process. Second,
as in air combustion, the flue gas stream must contain minimal
emissions and trace gases, particularly carbon monoxide, nitric

oxide' and, in the case of oxy-combustion, oxygen. These
issues pose an even greater concern in the case of retrofit.

The broader objective of our effort is to explore the
dynamic stability characteristics of oxy-combustion and to
compare the characteristics of oxy-combustion and air
combustion in order to develop predictive tools for combustor
design and retrofit. For air combustion, the design involves a
tradeoff between NO, emissions and combustor dynamics [2].
Although nitrogen oxide emissions are expected to be reduced
significantly in oxy-fuel combustion, studying premixed
flames in O,-CO, mixtures remains of interest in obtaining
compact flames with easier temperature control and lowest
CO, soot emissions and O, in the products.

The premixed mode of combustion is susceptible to
instabilities, which is a feedback process between combustion
heat release and the acoustic field. There have been a number
of reviews on this topic [3,4] that detail various mechanisms
leading to instability and control strategies. However, there is
a need for further studies to understand several remaining
questions regarding, e.g., mode transitions — how the
flow/combustion characteristics couple with a particular mode
or its harmonics during any change in operating conditions
such as loading, reactants, temperature and fuel
characteristics. This paper presents experimental data on such
transitions for oxy-fuel combustors.

a. A Brief Overview of Mode Transitions

In general, the transition in the stability characteristics of
the combustor, from stable to unstable or from one mode to its

! Even when burning low nitrogen fuels such as natural gas in “pure”
oxygen, it is likely that the oxygen stream may still contain some
nitrogen since producing “pure” oxygen requires significantly more
energy than oxygen containing traces of nitrogen.
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harmonics, can be lumped into two categories. The first kind
of transition occurs when the flame-stabilization mechanism
changes for a small change in conditions — such as from a
wake mode to a shear layer mode and vice-versa [5,6]. The
second kind of transition involves the same mechanism, but
the transition is due to the non-linearity associated with the
physics of the problem. Some explanations for this behavior
include non-normality [7], hysteresis [8] or the nature of the
flame-acoustic describing-function [9].

Most of the above studies deal with a single fuel and the
conditions used to initiate the transition involve changing
either the equivalence ratio or flow speed. Our work has also
looked at the effect of fuel structure and inlet reactant
temperature. For oxy-combustion, fuel and air are expected to
be in stoichiometric or near stoichiometric proportions, so it
remains to be seen whether there is a fundamental property
that can predict mode transitions. For natural gas-air mixtures,
Fritsche and co-workers [10] proposed a Damkdhler number
that non-dimensionalizes the effect of flow velocity on mode
transitions. Our research-group“s prior work with synthesis-
gas fuel blends showed that the transitions occur for critical
values of a non-dimensional strained flame consumption speed
[11,12]. We showed that, for a given equivalence ratio and
flow velocity, changing the CO:H, ratio of the fuel impacts the
stability characteristics and mode transition, although the
variation in adiabatic flame temperature (T,q) is small. For a
given equivalence ratio, changing the fuel composition from
80:20 H,:CO to 20:80 changes T, by roughly 100K and
drastically alters the stability of the combustor. However, such
a change in stability cannot be reproduced if T.q4 is increased

for a fixed fuel composition by raising the equivalence ratio. It
appears then that the key parameter that predicts the mode
switch is another combustion property such as the
consumption speed.

The prediction of mode-switching based on a strained
flame consumption speed works well for hydrogen enriched
mixtures. For such mixtures, the flame speed incorporates its
fundamental characteristics such as high diffusivity and
unique Kinetics.

In this paper we explore whether such fundamental
parameters exist for oxy-fuel mixtures. As such, the
substitution of N, with CO, results in mixtures with different
diffusivities. Secondly, the overall reaction rate of
CH,/0,/CO, mixtures is much slower compared to CH4,/O,/N,
mixtures primarily because of the competition for the H
radical [13]. Law et al. [14] showed experimentally that
methane flames, burning in oxygen-CO, mixtures have
laminar burning velocities approximately one eighth of those
burning in air when the oxygen mole fraction is kept at 21%.

The rest of the paper is organized as follows: Section 2
describes our experimental setup, instrumentation and
diagnostics. In presenting the results, Section 3a first
illustrates the differences between CH./air and CH,/O,/CO,
flames based on computations using a 1-D counter-flow
strained flame model. Section 3b presents base-line dynamic-
stability characteristics for CH4/O,/CO,mixtures for a range of
flame temperatures. Section 3c compares these results to
CHg/air mixtures for a range of Reynolds numbers. We
conclude with a brief overview of the non-linear behavior of
the stability characteristics.
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Figure 1. Model of axisymmetric swirl combustor.

2. EXPERIMENTAL SETUP

The combustor, shown in Figure 1, is designed to stabilize
combustion using a combination of swirl and sudden
expansion. Premixed CH,/O,/CO, or premixed CH,/air enters
the combustor through a 38 mm diameter inlet pipe. The
swirler is located 5 cm upstream of the expansion plane and
has 8 blades with an estimated swirl number of 0.7 [15].
From the expansion plane downstream, the inner diameter is
76 mm. The first 40 cm downstream where the flame is
anchored consists of a quartz tube for optical access. The
overall acoustic length of the combustor (from the choke
plate to the end of exhaust tube) is 4.5 m. The flow is choked
upstream to prevent equivalence ratio oscillations and provide
a known acoustic boundary condition.

Air, CO,, O, and CH, are each supplied using Sierra
Instruments mass flow controllers capable of supporting a

thermal power of 50 kW. The accuracy of each is +/- 2% of
full scale, and an additional zero offset correction of 3.9
standard liters per minute of CH, is used for the fuel mass
flow controller.

Two Kulite MIC-093 pressure transducers are used to
record pressure oscillations 11 cm and 52 cm downstream of
the choke plate at 10 kHz.

High speed images were recorded at 500 fps using a
MEMRECAM GX-1 high speed camera fitted with a 50mm
/1.8 lens. A 2mm thick CG-BG-39 Schott-glass was placed
in front of the camera to block out infrared radiation. The
field of view in all the images starts at the dump plane of the
combustor and extends about 22.8 cm downstream. Images
were post-processed by normalizing the intensities in each
image with the maximum intensity of the brightest image in
an instability cycle.
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A custom Matlab code is used for control, data
acquisition, and processing.

3. RESULTS

A useful reference for comparing oxy-combustion and air
combustion is the adiabatic flame temperature. Although
there is an extra degree of freedom in mixture composition by
controlling the amount of diluent in oxy-combustion, near-
stoichiometric conditions are desired to avoid any excess
oxygen in the combustion products. Therefore in Figure 2 air
combustion temperature is plotted versus equivalence ratio,
and stoichiometric oxy-combustion temperature is plotted
versus a reversed and shifted axis of diluent CO, mole fraction
in the CH,/O,/CO, mixture or O, mole fraction in the O,/CO,
mixture to make comparisons convenient. To be clear, the
reactant mixtures are ¢CH, + 2(0, + 3.76 N,) for air and CH,
+ 20, + aCO, for oxy-combustion, where ¢ and « are varied.
The adiabatic flame temperature given is the calculated
equilibrium temperature for the reactant inlet temperature at
300 K. In this paper, the mole fraction of CO, is defined as
the mole fraction in the reactant mixture, not the mole fraction
in O, plus CO,. The latter is the custom among the coal-
combustion community. For reference, however, the mole
fraction of O, in O, plus CO; is also shown.
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Figure 2. Adiabatic flame temperature as a function of equivalence
ratio for air combustion and of CO2 reactant mole fraction or O2 mole
fraction in Oz plus CO2 for oxy-combustion.

a. Numerical Results

As was discussed in 81, the laminar burning velocity of
CH4/0,/CO, mixtures are one eighth of CH,/air mixtures for
an oxygen mole fraction of 21%. For these mixtures the oxy-
combustion flame temperature is much lower due largely to
the roughly 65% larger heat capacity of CO, on a molar basis.
We are interested, however, in comparing flames at the same
flame temperature, and the difference in burning velocity is
still significant. Given that flames in turbulent flows are
subjected to strains, our interest was in computing the strained
consumption speed. This would tell us the mixture fractions of

CO, for which the strain rates anticipated in experiments
exceed the extinction strain rates for oxy-fuel mixtures.

A one-dimensional strained flame code is used to
compute the consumption speed for varying strain rates. The
laminar flame is stabilized in a planar stagnation flow and
shown in Figure 3, where the opposed twin flame
configuration allows extinction to occur at higher strain rates
when the flames are pushed closer together. The resultant
potential flow velocity field is characterized by the strain rate
parameter a. The stretch rate x of the planar flame under
steady conditions is simply « = a.

Governing equations for the flame structure are found by
using a boundary layer approximation across the flame
thickness. CHEMKIN and TRANSPORT libraries are used to
evaluate chemical source terms and the various physical
properties. A modified version of the GRI-Mech 3.0 kinetic
model is used where the nitrogen-containing species have
been removed except for N, in the air cases. Radiation effects
are not considered in the model. Further details of the model
can be found in Speth et al. [16].

The consumption speed S, of the flame is defined as

5" d
pu(]ﬂh - jju) (1)

where ¢’ is the volumetric heat release rate, c, is the specific
heat of the mixture, x is the coordinate normal to the flame, p,
is the unburned mixture density, and T, and T, are the
unburned and burned temperature, respectively. Extrapolating
the consumption speed to a strain rate of zero gives the
laminar burning velocity.
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Figure 3. Configuration of one-dimensional strained flame simulations.

The consumption speed at a given strain rate for a mixture
is the output of interest, and the differences between air and
oxy-combustion are significant. Figure 4 shows consumption
speeds for air and oxy-combustion at equal adiabatic flame
temperatures of 1800 K, 2000 K and 2200 K. Here again we
vary ¢ in air combustion and « in oxy-combustion to change
Tag- At 2200 K the consumption speed of the oxy-combustion
flame is roughly half that of air. At lower temperatures the
difference is more extreme, where oxy-combustion
consumption speed is less than 5 cm/s, or one fourth that of
air. Clearly the substitution of N, with CO, in the oxy-
combustion flames adversely affects the chemical and/or
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transport time scales. Because of these low flame speeds in
oxy-combustion, proportionally larger flame areas should be
required for wrinkled laminar flames, and long, weak flames
are expected. However, images in the upcoming section on
high speed video show a remarkable similarity with air
combustion in not only flame structure but also flame size.

Also important in characterizing flame behavior is the
condition at which extinction occurs. Two instances of
extinction are shown in Figure 4 for oxy-combustion at 1800
K and 2000 K where the consumption speed drops to zero at
strain rates of 200 s™ and 700 s™, respectively. Since strain
rates on the order of 200 s™ are expected in the experiments
for similar conditions [11], sustainable oxy-combustion flames
are not expected to exist at or below 1800 K. As will be
shown though, experimental flame temperatures exist well
below this value.
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Figure 4. Comparison of consumption speed for air and oxy-
combustion at 1800 K (JJ), 2000 K (), and 2200 K (). Instances where
Sc drops to zero indicate extinction.

b. Dynamic Characteristics of Oxy-fuel Mixtures

To understand the baseline stability characteristics of the
combustor, consider Figure 5. This figure plots the Overall
Sound Pressure Level (OASPL) as a function of equivalence
ratio for a stoichiometric CH,/O, mixtures at Re = 20,000 for
different amounts of CO, dilution. The OASPL measurements
are taken using the transducer placed just upstream of the
expansion plane. In this figure as well other OASPL plots
throughout the paper, the symbols have been colored based on
the frequency of the instability.

For low dilution levels (T,g = 2230 K), the flame is very
compact and the sound pressure levels exceed 160 dB. The
dominant instability frequency? is 132 Hz, which corresponds
to the five-quarter wave mode of the combustor. High speed
flame images for this mode show that the flow oscillates
between a double-helix type vortex breakdown (Figure 6b)
and a configuration in which it flashes back (between Figure
6c and d).

As the dilution levels are increased, the combustor
remains unstable at roughly the same amplitude, though the

% These acoustic model used for computing these frequencies in this

combustor has been documented in earlier works, see Speth et. al. [12]

contribution of the five-quarter wave mode to the OASPL
decreases and the three-quarter wave mode (83 Hz) increases.

At Xcor = 0.63 (T, = 2100 K) the combustor abruptly
transitions to the three-quarter wave mode while maintaining
the same limit-cyle amplitude. High speed images for this
condition indicate that the flow-structures are now different,
with the flow structures switching between a double-helix type
(Figure 7a,b,f) and a spiral type breakdown (Figure 7d,e)
during the instability cycle.

As the dilution levels were increased from Xco, = 0.63
(Tag = 2100 K) to Xcor = 0.67 (Tag = 1970 K), the flame
lengths increase commensurate with what is expected for
decreasing flame temperatures. The flame dynamics are
controlled by the fluid-mechanics of the inner recirculation
zone as was reported in our previous work on propane-air
mixtures [15].
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Figure 5: (a) OASPL and (b) spectrum of oscillations as a function of
adiabatic flame temperature for CH4/02/CO2 mixtures at Re = 20,000.

The next abrupt transition is seen at Xco» = 0.67 (Ty =
1970 K) where the instability jumps from the three-quarter
wave mode to the quarter wave mode with a slightly lower
limit-cycle amplitude. For this case though, there is a step
jump in flame length (Figure 8). This mode persists until Xcoz
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= 0.7 (Tag = 1850 K) when the flame switches to a columnar
type, similar to the ones reported by Zhang et al. [17] and
Muruganandam et al. [18], indicating incomplete combustion.
No instability is observed in the frequency-spectra for these

cases.
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Figure 6: Sequence of images in a cycle during the five-quarter wave mode for CH4/02/CO2 flames with Xcoz = 0.594 (T.qs = 2200 K) at Re =
20,000. Images are 2ms apart.
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Figure 7: Sequence of images in a cycle during the three-quarter wave mode for CH4/02/CO2 flames with Xco2 = 0.659 (Tad = 2000 K) at
Re =20,000. Images are 2ms apart.
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Figure 8: Sequence of images in a cycle during the quarter wave mode for CH4/02/CO; flames with Xco2 = 0.686 (Tas = 1900 K) at Re =

20,000. Images are 8ms apart.

So far the results were plotted as a function of adiabatic
flame temperature in the 1700-2200 K range. This is the
temperature range that can be expected when burning methane
air mixtures between the lower flammability limit and the
stoichiometric limit. Now, consider the flame speeds for these
two mixtures: If the dilution is adjusted to get T, = 2050K in
a CH4/0,/CO, mixture (conditions matching Figure 7), the
computed laminar burning velocity is 10 cm/s. For CH,/air
mixtures, this flame speed value is well below the flame speed
at the flammability limit, namely 15 cm/s. It is surprising then
that a reasonably compact flame is observed for these
conditions.

c. Comparisons with CH,/Air Flames

OASPL curves similar to the one plotted in Figure 5 are
plotted in Figure 9 for CH,4/air mixtures at the same Reynolds
number, i.e. 20,000. The results indicate that the dynamic
response of the combustor is essentially similar to that
presented in §3b for oxy-fueled mixtures in two ways. First, as
the adiabatic flame temperature is decreased (in this case by
turning down the equivalence ratio), the instability modes
transition from the five-quarter wave mode to three-quarter to
the quarter wave mode before eventually blowing off.

The second similarity is in the overall turbulent flame
structure. For this consider Figure 10 and Figure 11. The

adiabatic flame temperature and Reynolds number for these
cases have been adjusted to match the conditions in Figure 7
and Figure 8 respectively. Looking at these figures side by
side, the visible turbulent flame shapes are very similar as is
the underlying vortex breakdown mode. These results suggest
that the underlying flow-field is a strong function of the
temperature jump across the flame. Some subtle differences
exist — for instance, in Figure 11a,b&g (CH,/air), a “waist” is
seen between the bubble upstream and the double-helix
downstream. This structure is a bit weak in Figure 8a
(CH4/0,/CO,). Since the mass flow rates are nearly the same,
differences in flame speed would lead the oxy-flame to bulge
laterally to a larger volume to burn the same mass.

We note that for a given Reynolds number and adiabatic
flame temperature, the power output of oxy-combustion is
lower. For example, at Re = 20,000 and T,q = 1800 K, the fuel
flow rate for oxy-combustion is 0.37 g/s, while the fuel flow
rate is 0.44 g/s for air. Likewise, the total mass flow rate and
mean inlet velocity are lower for oxy-combustion at 9.4 g/s
and 5.2 m/s versus 10.8 g/s and 8.0 m/s for air. Still, the mode
transitions and flame geometries are clearly controlled by the
flame temperature at a given Reynolds number, at least to the
first order.
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Figure 9: (a) OASPL and (b) spectrum of oscillations as a function of adiabatic flame temperature for CHs/air mixtures at Re = 20,000.

Ci

Figure 10: Sequence of images (images are 2ms apart) in a cycle during the three quarter wave mode for CH/air flames for ¢= 0.798
(Tad = 2000K) and Re = 20,000. The conditions were chosen to match those in Figure 7.
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d

Figure 11: Sequence of images (images are 4ms apart) in a cycle during the quarter wave mode for CHa/air flames for ¢= 0.734 (Taq = 1900K)

and Re = 20,000. The conditions were chosen to match those in Figure 8.

OASPL comparisons between air combustion, in which
we vary the equivalence ratio, and stoichiometric oxy-
combustion, in which we vary the CO, mole fraction, for
constant Reynolds numbers from 15,000 to 30,000 are shown
in Figure 12. The equivalence ratio is maintained at unity in
all the oxy-combustion tests. Each curve represents one test
sequence in the combustor from ignition at the high
temperature end toward blowout at the lower end. Because
the mixtures are varied in different ways between the air and
oxy-combustion cases, and the findings presented in the earlier
section, the adiabatic flame temperature for the given mixture
is used as the abscissa. Small gradients in color from point to
point show mild frequency shifts (as the burnt gas temperature
decreases w.r.t the reactants; this is expected, see Speth [12]).

While weaker flames were expected in oxy-combustion,
because of the significant change in the consumption speed
[12], surprisingly, similar dynamic modes and transitions seen
in air combustion are seen in oxy-combustion. With the
exception of Re = 30,000, mode transitions collapse well when
using the adiabatic flame temperature across the two
combustion modes. At Re = 25,000, for instance, there is one
clear transition at T,y = 2100 K from the five-quarter mode to
the three-quarter mode and another at T,q = 1950 K from the
three-quarter mode to the quarter-wave mode.

Strongest instabilities, those over 165 dB, exist at higher
flame temperatures where a compact unstable flame exists in
3/4 or coexisting 3/4 and 5/4 wave modes. These peak
frequencies are shown in Figure 13 and Figure 14 that plot the

frequency spectrum (truncated up to 250 Hz) as a function of
the adiabatic flame temperature. The right and left edges of
each plot are simply the condition at which data recording
begins and the condition at blowout, respectively, so there is
variation between plots. In oxy-combustion, the dominant
frequencies for the high, medium, and low frequency modes
are in the ranges of 125-150 Hz, 80-100 Hz, and 25-40 Hz,
respectively. Frequencies for the three modes are shifted
higher for air to 150-170 Hz, 100-120 Hz, and 30-50 Hz.
Presumably the shift is due to the differences in acoustic
properties of the products and reactants between air and oxy-
combustion. While the quarter wave mode exists alone in all
cases, the three-quarter and five-quarter wave modes coexist
in an overlap region. The five-quarter wave mode is dominant
at the highest temperatures. The temperature range where
modes coexist diminishes with increasing Reynolds number.

As the flame temperature is decreased by changing the
mixture composition, transitions occur to lower harmonics. In
some cases, namely air combustion at all Reynolds numbers
except for 15000, a ,hole" exists (e.g. between T4 = 1930 K
and 1980 K for Re = 20,000) in this transition where the flame
is considerably more stable. The sound pressure levels for
these conditions are much lower for air flames compared to
oxy-flames. The reason for this is not entirely clear, but is the
subject of current investigation.

Regardless of whether the fuel is burned in air or in
0,/CO,, the low frequency (quarter-wave) unstable flames are
several times longer than the compact unstable flame. We
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also note that a stable columnar flame that extends well into
the exhaust is seen at the lowest temperatures for all Reynolds
numbers before blowoff where the OASPL drops off

significantly.
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Figure 12. OASPL as a function of adiabatic flame temperature. (a) Re =15,000; (b) Re = 20,000; (c) Re = 25,000; (d) Re = 30,000.

9 Copyright © 2011 by ASME



(a) Oxy, Re = 15000

200

150

100

Frequency [Hz]

50

0 t
1600 1700 1800 1900 2000 2100 2200 2300

(b) Oxy, Re = 20000

200

150

100

Frequency [Hz]

50

O L
1600 1700 1800 1900 2000 2100 2200 2300
(c) Oxy, Re = 25000
200 -

150 -

100 -

Frequency [Hz]

50

0
1600 1700 1800 1900 2000 2100 2200 2300

(d) Oxy, Re = 30000

200

150

100

Frequency [Hz]

a
o

0 L
1600 1700 1800 1900 2000 2100 2200 2300
T K]

adiabatic

T 5
r r r

110 120 130 140 150 160

Sound Pressure Level, dB
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Figure 14. Sound pressure level spectrum maps as a function of
adiabatic flame temperature for air combustion at different Reynolds
numbers.

d. Hysteresis in Mode Transition

For the all the cases presented so far, the experiments
were conducted by igniting the mixture at high equivalence
ratios or high O, fraction and then gradually lowering it until
blowoff. Results collected in this case indicate that there are
two distinct transitions — a transition from the % to ¥ wave
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mode at high temperatures, and another from the Y2 wave
mode to stable case at lower temperatures close to blowoff.

Now, consider results from experiments conducted in the
reverse order — by increasing the equivalence ratio or O,
concentration (and hence the temperature) gradually until
stoichiometry. This data is illustrated in Figure 15(a) for air
and Figure 15(b) for oxy-fuel mixtures. This figure shows that
the instability at the % wave mode persists for much higher
flame temperatures before transitioning to the % wave mode,
if the experiments are conducted by increasing the adiabatic
flame temperature.
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Figure 15. Demonstration of hysteresis by comparing experiments

where the mixture adiabatic flame temperature is increased to
previously shown tests for decreasing temperature at Re = 20,000.
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These data suggest that mode transition depends on
whether the combustor loading is increased or decreased, that
is, it depends on the state and the history. At this point we
were interested in determining whether the transitions depend
on the temperature pathway or are function of the pathway
followed by some other state variable. For this purpose,
another experiment was conducted; this time we ignited the
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combustor and immediately switched to T, = 2030 K.
According to Figure 9, at this point the combustor should be in
the % wave mode as per the decreasing temperature path; but
just at the border of the transition between the ¥ to % wave
mode as per the increasing temperature path. Once ignited the
equivalence ratio was then gradually decreased. The trajectory
of the limit cycle amplitude as a function of the temperature is
illustrated in Figure 16. The figure shows that despite the
decreasing temperature, the trajectory followed by the
amplitude overlaps with the trajectory obtained as if the
temperature was increased. This proves that the hysteresis in
mode transitions is not just a function of temperature (and thus
independent of the types of mixtures being burnt). At present
tests are being conducted to identify a state variable that
controls the hysteresis, but so far the data suggests that this is
dependent on the instability frequency the combustor is in just
prior to the point when the temperature is increased or
decreased.

We should also note that the trajectories (and
consequently the blowoff limits) deviate below T4 = 1940 K.
This is in turn due to the hysteresis of the ¥ wave mode w.r.t.
to the stable mode. Stated differently, if the combustor is
ignited and suddenly brought to T,q= 1810K, the combustor is
observed to be stable. The temperature has to be increased to
Tag = 1890K to “kick” it into the ¥ wave mode. However if
the combustor is brought to T,y = 1890K slowly from higher
temperatures when the % wave mode is present, the same
mode persists until lower temperatures.
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Figure 16: Mode history dependency for air combustion at Re = 20,000.

For the decreasing sweep, tests were conducted by igniting the
combustor at Tas = 2030 K and then decreasing gradually.

Considering the effects of the hysteresis, the data that was
presented throughout this paper was recorded by increasing
the flame temperature after ignition until the combustor is
“kicked” into the five-quarter mode, and then decreasing the
temperature gradually. For CH,/Air mixtures, one could argue
that this is guaranteed by always starting at stoichiometric
conditions and then decreasing the temperature. However, for
CH,4/0,/CO, mixtures, the maximum temperature that can be

Copyright © 2011 by ASME



attained is T,y = 3051K; but this was not possible given the
temperature limitations of our combustor. Hence the amount
of dilution in the flow was reduced just enough to trigger the
five-quarter wave mode.

Finally, note that for both air and oxy-combustion the
shift in transition temperature between the 1/4 and 3/4 from
hysteresis is on the order of 50 K. However, the quiet
transition region between the 1/4 and 3/4 unstable modes is
extended for air combustion and introduced for oxy-
combustion. That is, a significantly more stable flame can be
achieved at 2000 K for oxy-combustion by approaching the
corresponding mixture composition while in the low
frequency mode. As a result, the space of operation where the
sound pressure level is over 165 dB is significantly decreased
for the increasing sweeps. Making use of phenomena such as
this could be exploited as an operation strategy for gas
turbines.

4. CONCLUSIONS

In this paper we compared the combustion dynamics
characteristics of CH,/O,/CO, mixtures and CH4/Air mixtures
in a swirl stabilized combustor. Although weaker flames are
expected in oxy-combustion due to lower consumption speed,
the flame structures of air and O,/CO, flames in each of the
modes are similar. The transitions from one instability mode
to another are shown to be a function of the mixture adiabatic
flame temperature for Re < 25,000. The data match less well
for Re = 30,000; the reasons for this are currently being
investigated. It is not clear whether the discrepancy is due to
the acoustics or is due to the turbulent nature of the flame at
these high Reynolds numbers. Efforts are underway to obtain
PLIF data for these conditions that may shed some light on the
mismatch.

The data also reveal hysteresis w.r.t mode transitions,
which are shown to be mode-dependent and not temperature
dependent. This fact could be exploited for developing control
strategies to avoid a particular mode of instability.
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