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Introduction/Background

I N order to meet increasingly stringent emission standards for nitric oxides, modern gas turbine designs utilize
lean-premixed combustion. While meeting these new environmental standards, lean premixed combustion systems
introduce some substantial operability concerns with increased susceptibility to blowout, flashback and instabilities.
Significant effort is required to overcome these design challenges, in order to allow turbines to operate in an
efficient and environmentally friendly manner. This brief communication provides results of ongoing experimental
measurements of lean-premixed combustion flame dynamics, necessary to further predictive capabilities of models
for combustion instabilities. Measurements were made of linear flame transfer functions for both velocity and
equivalence ratio oscillations. The flame transfer functions showed that the flame behaves as a low-pass filter for
both types of excitation, but some important differences in the gain and cutoff frequency occurred. While the gain
and cutoff frequency both increased with equivalence ratio for velocity perturbations, they were observed to have no
change with operating equivalence ratio for the case of equivalence ratio oscillations.

The types of combustion instabilities most commonly encountered in premixed combustion systems were first
characterized by Rayleigh®. In this type of instability a feedback loop is formed between the fluctuations in heat
release rate (HRR) of the flame and the combustor/flow train acoustics?3. Under certain operating conditions the
coupled system can become unstable, resulting in high amplitude pressure fluctuations that can be detrimental to
combustor hardware as well as efficiency. The specific coupling mechanisms by which these instabilities may arise
are a significant area of research and readers are directed to the literature for a more significant discussion of the

phenomenon34,
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For the purposes of this study, two possible mechanisms were considered®®: coupling through velocity and
equivalence ratio oscillations, as depicted in Fig. 1. Velocity (mass flow) coupling occurs when the acoustics
directly cause a fluctuating mass flow upstream of the flame. The mechanism for equivalence ratio oscillations is
known to be related to the injector design’. When considering a system level model of instabilities, knowledge of

the flame and acoustic transfer functions is necessary to yield an understanding of the occurrence of instabilities®.
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Fig. 1 System model of coupling that occurs in combustion instabilities

Making useful predictions of instabilities using a closed-loop model, like the one described here, ultimately
relies on component models to predict the individual transfer function blocks, of which the flame is the most
difficult to characterize. The flame transfer function (FTF) represents the dynamics of the flame response to a

perturbation as a function of frequency:

FTF(f) = 30 o 41
() o'(f)

This FTF may be expected to vary with the combustor operating condition and geometry. Previous modeling
efforts have used a variety of physical models to attempt to predict these flame dynamics, including Well-Stirred
Reactor Models'®!! and, of more recent interest, Flame Sheet Models'?%4, Experimental measurements of flame
dynamics have also been made by several investigators'>-??, though few considered flame response to equivalence
ratio oscillations. The measurements made in this study provide an additional basis for the testing of flame
dynamics models as well as offering insight into the flame physics.

The existing literature on velocity perturbations suggests that the flame acts as a low-pass filter in responding to
excitations. Making accurate predictions of the flame dynamics thus relies on predicting the low-frequency gain and
cutoff frequency of the FTF. Models show predictions of the low-frequency gain as tied to the mean energy content

of the reacting mixture®. The bandwidth of the flame transfer function has been related to the non-dimensional



Strouhal number based on the flow convective time scales'#'®2%, In dimensional terms, this corresponds to the

hundreds of hertz range.

Experimental Setup and Procedure

Experiments were carried out on a rig specifically designed for gaseous, premixed, turbulent combustion
experiments, as shown in Fig. 2. The rig design was a swirl-stabilized dump combustor with a center body. Swirl
was generated by a fixed-vane swirler with vanes at a 30 degree angle to the flow axis. The actual combustion
section was a quartz tube which vented to the atmosphere. The combustor section was sufficiently short as to
prevent any self-excitation from occurring.
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Fig. 2a  Experimental apparatus photograph
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Fig. 2b  Experimental apparatus sketch



Mean air flow rates were fixed at 25 SCFM (0.0136 kg/s) for all tests in this study. Fuel flows were specified to
provide mean equivalence ratios in the range of ®=0.48-0.7 for both natural gas and propane. The low end of this
range was bounded by the lean stabilization limit. The primary fuel/air mixing took place far upstream, eliminating
the possibility of undesired equivalence ratio oscillations reaching the flame. Dynamic equivalence ratio oscillations
were introduced through a separate fuel stream.

Since the combustor was not self excited, it was necessary to deliberately introduce perturbations to the upstream
flow rate and equivalence ratio. The flame output (i.e. HRR) was measured relative to each of these perturbations,
resulting in the FTF. Excitation of each parameter occurred at a single frequency (sine dwell). This was done in 10
Hz intervals in the range of 10-400 Hz. Combining data from these single frequency excitations provided a full FTF
over the entire frequency range of interest. The calibrated low frequency gain (50 Hz) of the response was measured
separately to prevent ambient variations from impacting the data. All data acquisition was performed using National

Instruments hardware and software.

Dynamic HRR Measurement

The output of the flame for both types of perturbation (i.e. the dynamic HRR) was measured using OH*
chemiluminescence, a common indicator of the flame HRR?32*, OH* chemiluminescence was detected via a
photomultiplier tube with an optical bandpass filter centered at 308nm. The PMT was mounted to detect incident
radiation from the entire flame (global HRR). This integrated measurement was adequate to detect the fluctuations
in heat release caused by the perturbation of interest, providing an accurate measure of the HRR response. This
measurement was calibrated assuming complete combustion, yielding measurements in actual HRR units (kW).

It has been noted by Lee and Santavicca?* that care must be taken when using chemiluminescence as a dynamic
HRR indicator due to nonlinearities in the baseline luminescence. This nonlinearity would serve to create an
apparently elevated response magnitude for the case of equivalence ratio oscillations. In the present study however,
nonlinearity was not observed in the OH* Chemiluminescence calibration over the range of operating conditions
considered. Thus, OH* Chemiluminescence serves as a suitable measure of oscillatory HRR in this range, even for

the equivalence ratio oscillations.

Dynamic Velocity Measurement



Perturbations in velocity were introduced by a speaker mounted on a side branch of the experimental apparatus
(see Fig. 2). The power with which the speaker was excited was varied with frequency to ensure the highest transfer
function coherence as possible, while remaining in the linear range of the OH* chemiluminescence signal response.
The linear range of the OH* signal was assumed to be the range in which the second harmonic of the response had a
magnitude 20 dB lower than that of the primary peak. The velocity oscillation amplitude reached a maximum of
13% of the mean flow rate, below the lowest (approximately 15%) limit for linearity in the response as reported in
literature®®?2. Velocity perturbations were measured using a hotwire anemometer directly upstream of the swirler.

The hotwire was calibrated with an air jet to provide readings in meters per second.

Dynamic Equivalence Ratio Measurement

Perturbations in equivalence ratio were introduced using a solenoid valve, which delivered an additional fuel
stream, injected radially, directly upstream of the swirler. The mean flow rate through this valve was varied such
that resulting equivalence ratio oscillations had amplitude of approximately 5% of the overall fuel flow. These 5%
oscillations in the overall fuel flow rate comprised at most 0.3% oscillations of the total mass flow rate. For the
mass flow rate (velocity) oscillations, the oscillation level required to yield a coherent response was between 2% and
13% of the mean. Thus, these incidental mass flow oscillations due to the additional fuel injection may be
considered to be negligible. FTF coherence remained high (>0.9) for the equivalence ratio perturbation
measurements out to the limit of excitation (400 Hz), indicating sufficient bandwidth in the solenoid valve to
provide excitation at these frequencies.

The dynamic equivalence ratio caused by this fluctuating fuel flow was measured using absorption of a He-Ne
laser at 3.39 um. The laser beam was split onto a photodiode prior to passing through the flow to measure a
reference power level. The remaining beam passed through the flow and the attenuated beam intensity was detected
by a second photodiode. This absorption measurement in combination with an absorption coefficient yields a
measurement of fluctuating fuel mole fraction, which was then used to calculate the fluctuating equivalence ratio.

Absorption coefficients for the fuels used in this study were obtained from existing literature2,

Data Acquired

In the case of velocity perturbations, full frequency response plots were measured over the equivalence ratio

range of lean blowout (around ®=0.50) through ®=0.70. The results for these tests were measured for natural gas



and propane and are shown here in Figs. 3 and 4 respectively. The leanest case was fixed by the lean limit for
blowoff for the fuel in this combustor. Results for the leanest conditions showed higher scatter and lower coherence

due to the reduced overall flame heat release and intrinsic fluctuations present as blow off was approached.
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Fig. 3 Response of flame HRR to velocity perturbations for natural gas.
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Fig. 4 Response of flame HRR to velocity perturbations for propane.

FTF measurements for equivalence ratio perturbations were conducted on both natural gas and propane for mean
equivalence ratios from the lean extinction limit up to ®=0.70. These test results are presented in Figs. 5 and 6
respectively. As with the velocity tests, the leanest test conditions exhibit a reduced coherence due to the reduction
in overall HRR and increase in inherent unsteadiness in the flame.

All of the data presented here are in appropriate calibrated units for the perturbation of interest. In the case of
response of HRR to velocity perturbations, this is kW/(m/s), while for response of HRR to equivalence ratio

perturbations units are kW/®. The method by which these calibrated units were obtained is discussed in the

pertinent sections above.



20

10

FRF Magnitude, dB

-600 |

Phase, degrees

-800

-1000 f

-1200 =
10 10”
f.Hz

*  0.50 O 054 O 058
0.62 O  0.66 x 070

Fig. 5 Response of flame HRR to equivalence ratio perturbations for natural gas.

The response of the flame to both types of perturbations exhibits behavior similar to that of a low-pass filter,
namely it is constant up to the bandwidth, after which the magnitude of the response is damped. Trends in low-
frequency gain and bandwidth are presented here in Fig. 7 to provide a picture of how varying equivalence ratio and
fuel choice affects the characteristics of this low pass filter behavior. Bandwidth was measured as the point of 5dB
of drop from the low-frequency level. The low-frequency gains for perturbations in velocity show a rising trend
with increasing equivalence ratio, while the gain for equivalence ratio perturbations is nearly constant except at the
leanest cases. The equivalence ratio perturbation bandwidths shown in Fig. 7 also exhibit a predominantly constant
trend, except in those cases closest to blow off. Additionally, trends for a given type of perturbation agree well
between the two fuels. The linear character of the FTF phase indicates some time delay between the input and the

response. This time delay, calculated based on the rate of change of phase at low frequency, is plotted as a function



of equivalence ratio for each test case in Fig. 8. The delay exhibits a decreasing trend with increasing equivalence

ratio.
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Fig. 6 Response of flame HRR to equivalence ratio perturbations for propane.

Measurements of flame dynamic response to both velocity and equivalence ratio perturbations showed similar
flame behavior. The measurements of velocity perturbations (Figs 3 and 4) made in this study were in agreement
with those already found in literature. Dynamic timescales of the cutoff frequency were on the order of
milliseconds, the same order as fluid mechanical phenomena. Further, while quantitative measurements of the flame
size were not available for this brief communication, qualitative observations agreed with expectations, with
decreases in equivalence ratio resulting in an elongated flame. Variation of cutoff frequency with operating
condition exhibited trends consistent with the argument that the dynamics are governed by convection of coherent
flow structures to the flame for both fuels. Phase was predominantly linear, and was on the order of milliseconds,

corresponding approximately to convective timescales for this combustor. Time delay is observed to increase with



decreasing equivalence ratio, consistent with expectations based on the relationship between convection and flame

length. However, since only global chemiluminescence measurements were made, non-dimensionalization of the

frequency to Strouhal number is not possible for this data.
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Fig. 7 Bandwidth and low-frequency (DC) gain compiled from all test cases.
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Fig. 8 Time delay compiled for all test cases.

Discussion and Conclusions

Velocity FTF bandwidths decreased with decreasing equivalence ratio, consistent with the trend discussed in
literature. For equivalence ratio perturbations (Figs 5 and 6), bandwidths remained in the range of hundreds of
hertz, but were occurred at constant frequency excepting the leanest conditions considered. Low frequency gain
exhibited an increasing trend with respect to mean equivalence ratio for the case of velocity perturbations, but
remained practically constant for the case of equivalence ratio perturbations. These behaviors were consistent for
both fuels. Time delay in the phase was still observed to be on the order of milliseconds, again corresponding to
convective time scales. Overall, time delay was slightly shorter for equivalence ratio perturbations, however no
significant variation in the delay is observed between fuels. This behavior may be explained due to the fact that the
laser absorption measurement was located slightly downstream of the hotwire, leading to a smaller expected value
for convection time between these two locations.

The implications of the FTF characteristics on the expected behavior of system stability are as follows. Since the
acoustic transfer function of a combustor remains nominally constant with respect to operating condition, the
changes in flame transfer function characteristics would be expected to be most important in instability predictions.
Increases in both the overall gain and flame transfer function bandwidth should therefore lead to a higher predicted
incidence of instabilities. For the case of velocity perturbations, instability would be expected to be more common

with increasing equivalence ratio on both counts.
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For both types of perturbation, phase delay nominally increased with decreasing equivalence ratio. Thus, phase
crossings will shift to lower frequencies, where the response has not yet rolled off. For the case of instability driven
by equivalence ratio oscillations, where bandwidth and gain did not vary with equivalence ratio, decreasing
equivalence ratio shows predicted potential for instabilities due to this phase behavior. All of these predictions
should be taken with the important caveat that the combination of the FTF with the acoustic transfer function is
necessary to fully ascertain the response.

Future work in this area needs to continue to experiment across a broader range of fuels to completely validate
the predicted behavior of the flame frequency response function. Further, the spatial characteristics of the flame
need to be considered by applying two dimensional heat release. Continued work is also planned to consider the
response of the flame size to the perturbations of interest in order to facilitate future modeling efforts. Finally, flame
transfer function behavior offers potential insights into the expected instability behavior of the combustor, but

practical application of these predictions should be tested against unstable combustion operating maps for validation.
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