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ABSTRACT

An experimental investigation was conducted to
determine the air-forced flame response of a five-nozzle, 250
kW, lean premixed gas turbine can combustor. Operating
conditions were varied over a range of inlet temperatures, inlet
velocities, and equivalence ratios, while the forcing frequency
was varied from 100 to 450 Hz with constant normalized
velocity fluctuations of approximately 5%. The response of
the flame’s rate of heat release to inlet velocity fluctuations is
expressed in terms of the phase and gain of a flame transfer
function. In addition, chemiluminescence imaging is used to
characterize the time-averaged and phase-averaged spatial
distribution of the flame’s heat release.

The resulting flame  transfer  functions and
chemiluminescence flame images are compared to each other
to determine the effects of varying the operating conditions. In
addition, they are compared to data obtained from a single-
nozzle combustor with the same injector.

The forced response of the multi-nozzle flame
demonstrates a similar pattern to those obtained in a single-
nozzle combustor with the same injector. An exception occurs
at high frequency where the multi-nozzle flame responds to a
greater degree than the single-nozzle flame. At low frequency
the multi-nozzle flame dampens the perturbations while the
single-nozzle flame amplifies them.

A number of minima and maxima occur at certain
frequencies which correspond to the interference of two
mechanisms. The frequency of these minima is nearly the
same for the single-and multi-nozzle cases. When plotted with
respect to Strouhal number instead of frequency there is a
degree of collapse that occurs around the first observed
minima.

INTRODUCTION

The generally accepted approach for meeting current and
future NOx emissions regulations in land-based gas turbines is
lean premixed combustion. Lean premixed gas turbine
combustors, however, are more susceptible to combustion
instabilities than conventional diffusion flame combustors.

Unstable combustion is the result of coupling between
system acoustics and unsteady heat release, and the

amplification of this process by feedback through one or more
instability driving mechanisms. The resultant pressure and
velocity fluctuations can cause large amplitude structural
vibrations, increased heat fluxes at the system walls, flashback
and flame blowoff. In the most extreme cases the outcome is
catastrophic failure [1].

The process whereby fluctuations in the heat release rate
produce pressure fluctuations is well understood; however,
understanding the mechanisms whereby acoustic pressure and
velocity fluctuations cause fluctuations in the rate of heat
release remains an area of active research. To date there have
been numerous flame response studies in single-nozzle
research combustors which have provided valuable insights
regarding the phenomenology of the flame’s response [1-18].
These studies have identified a number of mechanisms which
cause fluctuations in the flame’s rate of heat release, including
mean velocity fluctuations [1-5], vortex shedding [1, 3, 6-9],
swirl fluctuations [10], equivalence ratio fluctuations [1, 3,
11, 12] and unsteady strain [13, 14]. Furthermore, many of
these studies [2, 4, 10, 15-17] have yielded empirical and
modeled flame transfer functions (FTF) which provide a
quantitative relationship between the input perturbation, such
as the velocity fluctuation, and the output perturbation, which
is the fluctuation in the flame’s rate of heat release [18].

Actual gas turbines, however, employ multiple nozzles,
typically in an annular or can configuration. In a multi-nozzle
combustor there are phenomena that are likely to affect the
flame’s response which are not accounted for by a single-
nozzle flame transfer function. Perhaps the most important is
the interaction between adjacent flames that occurs in a multi-
nozzle combustor. This can be further complicated if there are
differences in the flow conditions in each nozzle.

The flame response of multi-nozzle lean premixed gas
turbine combustors has received little attention to date, with
only four studies of annular combustors [19-22], and none of
can combustors, reported in the literature.
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Figure 1: The Multi-Nozzle Combustor

Objectives

The objectives of this study are to experimentally
determine the air-forced flame response of a multi-nozzle can
combustor over a range of operating conditions and to
compare the results to those previously obtained in a single-
nozzle combustor using the same nozzle.

EXPERIMENTAL METHODS

Multi-Nozzle Can Combustor

The multi-nozzle can combustor test facility used in this
study is illustrated schematically in figures Error! Reference
source not found. and 2. Air is supplied at the required flow
rate by an air compressor system capable of up to 600 SCFM
at 300 psi. The flow rate to the combustor is controlled by a
needle valve and monitored by a Sierra mass flow meter. The
pressure at the meter is controlled by a Powreactor dome
regulator. Downstream of the valve the air is preheated by a
50 kW process air heater to achieve the desired combustor
inlet temperature. Downstream of the heater exit, natural gas
fuel is injected transversely into the heated air through a multi-
hole injector which was designed to achieve rapid mixing of
the fuel and air. Additional mixing occurs as the fuel and air
then flow through a 1.5” diameter pipe with an L/D of 15, as
well as several elbows. At the end of this pipe, the fuel-air
mixture flows through a choked orifice. The orifice has a
diameter of .5” and the pressure drop across it is always a
factor of two or greater. This ensures that the fuel injection
and fuel-air mixing processes are not affected by pressure
fluctuations downstream of the orifice and, as a result, the
equivalence ratio entering the combustor is constant.

Downstream of the choked orifice, the premixed fuel and
air enters a siren device that is used to produce periodic
fluctuations in the velocity of the fuel-air mixture entering the
combustor. The frequency of fluctuation is determined by the
siren’s rotational speed, while the amplitude of the fluctuation
is controlled by varying the fraction of the fuel-air mixture
that bypasses the siren.

Downstream of the siren the fuel-air mixture enters a
manifold (Fig. 2) which divides the flow into five separate
streams, one for each of the five nozzles in the multi-nozzle
combustor. The manifold has been designed such that each of
the five flow paths is geometrically identical. In addition, a

perforated plate is installed in each leg of the manifold to help
ensure that the flow to each nozzle is the same.

After exiting the manifold, the fuel-air mixture flows to
each of the nozzles, which are connected directly to the
combustor dump plane in a “four around one” configuration.
The spacing of the nozzles relative to the diameter of the
combustor can is typical of industrial can combustors. The
nozzle tubes are ~2 inches in diameter and house a ~1 inch
diameter centerbody and an axial swirler. The end of the
centerbody is recessed ~1 inch from the face of the dump
plane. The ratio of total nozzle area to the dump area is
approximately 6 (dump ratio). The nozzles exit into the
combustor can which is a 10 inch diameter, 12 inch long
quartz cylinder. The downstream end of the quartz tube is
unrestricted and open to the atmosphere. Consequently
combustion takes place at atmospheric pressure.

Combustor Can
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Figure 2: Can Combustor Close Up

Measurements

Electronic differential pressure gauges are used to
measure the pressure drop across the swirler in each nozzle.
Using empirical calibration data, the pressure drop across the
swirler gives the velocity through the nozzle. The accuracy of
this measurement is 1 m/s. For the test conditions reported
in this paper, the measured nozzle-to-nozzle variation in the
mean velocity was less than £2 m/s.

Thermocouples are used to measure the temperature
of the fuel-air mixture approximately 1 inch upstream of the
swirler in each of the nozzles. For the conditions tested, the
nozzle-to-nozzle variation in the mixture temperature was less
than 10°C. The thermocouple in the middle nozzle serves as
the control signal for the air heater.

Dynamic pressure measurements are made in each of the
five nozzles at two locations between the swirler and the end
of the centerbody, using water-cooled piezoelectric pressure
transducers (PCB Model 112A22). They are referred to as the
upstream and downstream pressure transducer (PX). The data
acquisition system used for the pressure measurements has a
sampling rate of 8192 Hz and provides a frequency resolution
of 1 Hz. 32 data sets are obtained at each operating condition
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Figure 3: Axial Heat Release Flame Length Calculation Method, Tinet = 200 C, Viper = 25 m/s, ® =.7

to provide a statistically significant average and standard
deviation.

The rate of heat release from the flame is determined
from measurements of the CH* chemiluminescence intensity
[23]. The total rate of heat release as a function of time is
determined from measurements of the CH* emission from the
whole flame using a 433 nm bandpass filter and a photo
multiplier tube. The spatial distribution of the flame’s rate of
heat release is determined by imaging the CH*
chemiluminescence emission onto an intensified CCD camera
(Princeton Instruments #5768). The chemiluminescence
images can be acquired as instantaneous, time-averaged or
phase-averaged images.

Data Processing and Analysis

The dynamic pressure measurements in each nozzle are
used as inputs to a two-microphone method (TMM)
calculation [24]. The calculation provides the time varying
velocity in each nozzle. At some conditions, particularly lower
frequencies, the pressure signals exhibit a poor coherence,
which results in an erroneous calculation of time varying
velocity. Such data is discarded and not presented in the
results.

The chemiluminescence signal from the PMTs is used to
quantify the heat release from the flame as a function of time.
By making use of a Fast Fourier Transform, the frequency
domain of the signal can be determined. When the incoming
flow is forced at a certain frequency a maximum appears in
the fluctuation of the heat release rate at that frequency. This
fluctuation is the result of the flame responding to the
incoming perturbations through a number of feedback
mechanisms. This will be discussed later. The amplitude and
phase of the PMT signal at the forcing frequency are used as
the output of the flame transfer function.

The flame transfer function (FTF) is the primary metric
of most forced dynamics experiments. It is made up of two
main components, a gain and a phase, and is a function of both
forcing frequency (f) and amplitude (A). The phase of the FTF
describes the phase difference between the input function and
the output function at the forcing frequency. The phase of the
FTF also represents the time required for the input
perturbation to convect from the measurement location to the
location in the flame where the perturbation results in a
perturbation in the flame’s rate of heat release. The gain

relates the amplitude of the input, in this case, the velocity
fluctuation (u’), to the output, here, the heat release rate
fluctuation (Q’). There are 160 separate calculations of the
input u’ for each operating condition, 32 from each of the
nozzles. Error bars on the FTF gain plots indicate 1 standard
deviation of those 160 points. Any operating condition where
the standard deviation is greater than 20% of the mean is
discarded.

Q'
FTF (f,A) = “mer

Umean

1)

The flame length in the multi-nozzle combustor is
determined from the chemiluminescence image of the
unforced flame. Specifically, the flame length is defined as the
distance from the end of the centerbody to the location of
maximum rate of heat release in the axial heat release profile.
For comparison with results from the single-nozzle combustor,
this same method for determining the flame length is used.
This method is illustrated for both the single-nozzle and multi-
nozzle flames in Fig. 3.

RESULTS AND DISCUSSION

Operating conditions

All of the tests were performed at a combustor pressure
of 1 atm, while the other operating parameters were varied
over the range of values listed in Table 1. Forcing frequencies
were selected based on past research that showed that the
flame acts as a low pass filter [4], and that the gain drops off
as the frequency increases. The forcing amplitude was selected
to remain in the linear feedback range [16]. The linear regime
refers to the range of forcing amplitudes where an increase in
the input amplitude results in a proportional change in the
output amplitude for a given frequency.
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Figure 4: Multi-nozzle flame length for different inlet temperatures, and single-nozzle flame (SNF) length for a fixed inlet temperature

Table 1. Operating Conditions

Inlet Velocity (m/s) (Umean) 15-32
Equivalence Ratio 5-7
Inlet Temperature (°C) 50-200
Forcing amplitude (U’/ Umean) 5% - 15%
Forcing Frequency (Hz) 100-450

Stable Flame Length Comparison

Figures 4 and 5 show the flame length from the axial
heat release method illustrated in figure 3. The axial flame
length has been shown to have a direct relationship to the gain
[2]. It will be used later in this study in the calculation of the
Strouhal number.

Data at the same operating conditions from a single-
nozzle experiment using the same nozzle are also shown on
the figures. Single-nozzle data points have a white center. At
the same operating condition the single-nozzle flame is
shorter, but this most likely due, at least in part, to the
increased dump ratio in the single-nozzle flame.

Figure 4 demonstrates the effect of inlet temperature

on the flame length. As the inlet temperature increases, the
flame length decreases. Similar behavior is observed when the
equivalence ratio is increased as shown in figure 4. These
effects have been observed in single-nozzle combustors [25]
and are a result of the increased flame speed [26].

Note that for a given temperature and equivalence
ratio the flame length appears to asymptote to a constant value
at high velocities, even though the rate at which the flame
consumes fuel continues to increase. It is also shown that the
velocity at which this occurs decreases with decreasing
temperature and equivalence ratio. In the flamelet regime [27],
the total rate of fuel consumption is equal to the local fuel
concentration times the local laminar flame speed integrated
over the flame area. With fixed inlet temperature and
equivalence ratio and neglecting flame stretch effects, the fuel
concentration and the laminar flame speed are constant;
therefore the total flame area must increase to consume the
increased fuel flow rate at higher velocities. The flame area
can increase by both an increase in the flame length and an
increase in the turbulent wrinkling of the flame. These results
suggest that initially the flame area increases as a result of
increased flame length and increased turbulent wrinkling,
however, there is a transition to where the flame length no
longer increases and the increasing fuel consumption is
entirely the result of increased wrinkling of the flame. It is
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Figure 5: Flame length from Axial Heat Release for different equivalence, SNF denotes data from single nozzle flames
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also possible that the increased rate of fuel consumption is
associated with the flame interaction that occurs in the multi-
nozzle combustor. In either case, this requires further study.
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Figure 6: Flame Transfer Function Gain, T;ye; = 200C, U ean = 25 m/s,
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Figure 7: Flame Transfer Function Phase, Tiyjet = 200C, Upean = 25
m/s, ® =.60, U’ / Upean = 5%

Flame Transfer Function

The flame transfer function (FTF) results from the multi-
nozzle combustor are presented in figures 6 and 7 for Upean =
25 m/s, Tinet = 200 C and @ = .6. These measurements were
made with a normalized velocity fluctuation of 5% over a
range of frequencies from 100 Hz to 450 Hz. The forcing
amplitude was selected to remain in the linear regime.

In agreement with previous work [4, 10, 28], the gain of
the FTF smoothly transitions through a number of maxima
(150 Hz and 325 Hz in this case) and minima (225 Hz in this
case). The extrema are thought to be the result of the
interaction between two different coupling mechanisms. When

the gain is at a maximum the mechanisms are in phase and
interfere constructively, while when the gain is at a minimum
the mechanisms are out of phase and interfere destructively.

Multi-Nozzle Flame Response at all Operating Conditions

Figure 8 shows the FTF for a 5% forcing amplitude at 4
different velocities at an equivalence ratio of .6 and inlet
temperature of 200 C. Most notably there is little conformity
between the various transfer functions, though there are
obvious extrema. Previous work [16, 28] suggests that through
use of the Strouhal number, FTFs for different operating
conditions will collapse around the extrema. The Strouhal
number is defined as:

L # ,
St = 'flame fforcmg

'LLTTIE(I,‘H (2)

The Strouhal number takes into account a convective
length scale of the flame. Using this definition of Strouhal
number, the convection scale is based on the bulk flow
velocity and the length of the flame. It is the amount of time it
would take a perturbation to convect from the base of the
flame at the centerbody to the center of heat release. The
Strouhal number represents a ratio of this time scale to the
period of forcing.

Figure 9 shows the same four FTFs presented in figure 8,
but here they are plotted versus the Strouhal number. There is
clearly a degree of collapse around the first observed
minimum and maximum response frequency. This implies that
the relative phase between the destructively interfering
mechanisms is related to the convection time scale.

One of the most often cited coupling mechanisms is that
of vortices shed from some geometric feature in the nozzle.
They tend to be shed when a steep spatial gradient in the
velocity convects past a step, such as the centerbody. The
convection speed of this disturbance is known to be on the
order of the bulk velocity. When the vortex interacts with the
flame it will cause increased mixing between the hot products
and the unburned reactants as well as an increased flame area,
which will perturb the heat release.

The centerbody is known to be a source of these
coherent structures, but it is also possible that they would be
shed from the swirl vanes, or the outer edge of the nozzle. It is
likely that at least one of the mechanisms involved in the
feedback interference observed in figure 8 is vortex shedding.
Because of all the possible locations for vortex shedding, the
two mechanisms may actually both be vortices, or at least
regions of high vorticity, shed from different locations.
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Figure 6: MNF FTFs for a range of velocities, Tiet = 200C, ® = .60, u’ / upean = 5%
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FTF comparison between Single-Nozzle and Multi-Nozzle

Figures 10 & 11 show the flame transfer function gain
and phase of a multi-nozzle flame with a single-nozzle flame
at the same operating conditions. The first minimum visible in
figure 10 for the multi-nozzle configuration occurs around 25
Hz after the minimum for the single-nozzle. A similar shift
occurs in the first observed maximum. This shifting behavior
was observed between different inlet velocities in the previous
section. This suggests that the addition of nozzles to the
combustor changes the flame response in a manner similar to
increasing the inlet velocity.

11 demonstrate an initially linear dependence on frequency,
followed by a sudden jump that occurs at around 200 Hz. This
frequency corresponds to the occurrence of the minimum in
the gain data. From 200 Hz onward until 400 Hz both
configurations’ phases return to linear frequency dependence.
At 400 Hz the single-nozzle phase is observed to experience
another significant change in slope, corresponding to the
second minimum of its gain curve. One possible explanation
would be that as the phase of two mechanisms couple at the
minimum a sudden change in the convective time scale
occurs, which could be caused by a change in the flame
length.

Phase Locked Imaging

Figures 12 & 13 each show a set of phase averaged
images for two different forcing frequencies. Each image in
these sets is averaged from 60 instantaneous images all at the
same phase angle, each capturing 7.5 degrees of the 360
degree cycle. The two frequencies shown, 125 and 275 Hz,
were selected to correspond to points of maximum response,
as shown in figure 8. Note that figure 13, at 275 Hz, has an
elevated forcing amplitude. Separate tests where the amplitude
was varied showed that 15% remained in the linear regime, so
the mechanisms causing the coupling should be the same and
the gain should not change.

As one would expect, each set shows a smooth transition
through high and low intensity flames as the flame responds to
the fluctuating velocity. There is also a change in flame
length, as shown in figure 14. The red line indicates the
procession of the point of max heat release through the cycle.
This is due to fluctuating mass flow, as in the unforced case.

Copyright © 2011 by ASME



Figure 12: Phase Locked Image Set, Umean = 20 m/s, Tiniet = 200C, ® = .6, 125 hz forcing, u’ =5% ,
Phase displayed with respect to trigger signal

Figure 13: Phase locked image set, Umean = 20 M/S, Tipee = 200C, @ = .6, 275 hz forcing, u' = 15%
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CONCLUSION ACKNOWLEDGEMENT

The response of a multi-nozzle swirled lean premixed
flame to inlet velocity perturbations has been measured for a
fixed forcing amplitude. Several operating conditions match
those run on a single-nozzle combustor with the same nozzle
design and allow for comparisons between the two flame
types.

The flame length is found to decrease with increasing
inlet temperature or increasing equivalence ratio. As the
velocity increases, the flame length increases but levels off.
This could be evidence of increased flame interaction leading
to increased burning rate.

By subjecting the combustor to a controlled velocity
perturbation, a series of flame transfer functions were
determined from 100 to 450 Hz for four different mean
velocities. Across the forcing frequencies the gain transitions
through a series of minima and maxima indicative of the
constructive and destructive interference of two coupling
mechanisms. For the multi-nozzle and single-nozzle flames
the extrema occur at a similar frequency, suggesting that the
mechanisms are the same for both configurations.

When plotted versus frequency, the FTFs at each mean
velocity are qualitatively similar, but the frequencies at which
the minimum and maximum gain occurs vary significantly.
When plotted versus the non-dimensional Strouhal number,
however, there is a degree of collapse. The first minimum
occurs at nearly the same Strouhal number at all mean
velocities. The maxima agree less, but there is still an
improvement versus the frequency plots. This implies that the
relative phase of the two perturbing mechanisms is largely
controlled by the convective time scale, as evidenced by the
Strouhal collapse.

The response of the multi-nozzle flame was found to be
very similar to that of single-nozzle flames, except at the high
and low ends of the range of forcing frequencies of interest. At
low frequencies there is a decrease in gain between the single-
nozzle flame and the multi-nozzle flame. At higher
frequencies, while the pattern is similar, the multi-nozzle gain
is slightly higher compared to the single-nozzle gain.

The authors would like to acknowledge Mr. Larry
Horner for fabricating many of the components of the multi-
nozzle combustor. The material presented in this paper is
based upon work supported by the Department of Energy
National Energy Technology Laboratory under Award
Number DE-NT0005054.
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