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ABSTRACT 
 
An experimental study was conducted to characterize the 

combined effects of flame-vortex interactions and equivalence 
ratio fluctuations on self-excited combustion instabilities in a 
swirl-stabilized lean premixed gas turbine combustor. The 
combustor was designed so that the fuel injector location and 
the combustion chamber length could be independently varied. 
In addition, the fuel and air could be mixed upstream of the 
choked inlet to the combustor, thereby eliminating the 
possibility of equivalence ratio fluctuations.  Experiments were 
performed over a broad range of operating conditions and at 
each condition both the combustor length and the fuel injection 
location were varied. Dynamic pressure in the combustor, 
acoustic pressure and velocity in the mixing section, and the 
overall rate of heat release were simultaneously measured at all 
operating conditions. Two distinct instability regimes were 
observed; one near 220 Hz and the other near 345 Hz. It was 
also found that the strength of the instability changed 
significantly as the fuel injection location was varied, while the 
phase of the acoustic pressure and velocity fluctuations in the 
mixing section did not change. A time series of pressure and 
CH* chemiluminescence signals confirmed constructive or 
destructive coupling of the two instability mechanisms; the 
flame-vortex interaction and the equivalence ratio fluctuation 
interact each other and determine the instability characteristics 
in partially premixed conditions.  
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Modern gas turbine combustors are designed to meet 
current NOx emissions regulations by operating under lean 
premixed conditions, but this is achieved at the expense of 
increased combustion dynamics resulting from the resonant 
coupling between one or more instability driving mechanisms 
and the acoustic modes of the combustor [1-2]. Currently, it is 
not possible to design lean premixed gas turbine combustors 
that are stable throughout their operating range, nor is it 
possible to predict the frequency and amplitude of instabilities 
observed in actual gas turbine combustors. Models that can 
predict the effect of combustor design and operating conditions 
on combustion dynamics are essential to the development of 
the next generation of ultra-low emissions, stable lean 
premixed gas turbine combustors.  

Considerable research and development efforts have been 
undertaken during the past half-century to elucidate the 
processes responsible for the excitation of these instabilities 
and to develop approaches for their prevention [3]. This 
includes numerous theoretical [4, 5] and experimental [6-16] 
studies of the underlying mechanisms associated with the 
initiation and growth of combustion instabilities. Among 
various instability mechanisms, flame-vortex interactions and 
equivalence ratio fluctuations are considered to be of utmost 
interest because they are observed most frequently in various 
combustor configurations. Flame-vortex interactions occur 
when vortices, which are shed at the dump plane, convect to 
the flame front and produce a perturbation in the flame’s rate of 
heat release [1, 6-11]. The vortices are produced by periodic 
velocity oscillations at the combustor inlet, thus flame-vortex 
interactions are closely related to airflow rate fluctuations [8-
10]. On the other hand, equivalence ratio fluctuations are 
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caused by perturbations in air and/or fuel flow rates at the 
location where the fuel is injected [2, 5, 12-16]. The air flow 
rate fluctuations at the fuel injection location are due to 
acoustic velocity fluctuations, while the fuel flow rate 
fluctuations are caused by pressure oscillations at the injector 
location. If the fuel injector orifice is not choked, the pressure 
drop across the injector will fluctuate, causing fuel flow rate 
fluctuations. If the fuel injector orifice is choked, however, then 
the fuel flow rate is not affected by fluctuations in the mixing 
section pressure, and the mass flow rate of fuel is constant. In 
this case, equivalence ratio fluctuations are still possible due to 
fluctuations in the air flow rate at the injection location. In 
either case, the acoustics in the mixing section give rise to 
equivalence ratio fluctuations.  

There have been a number of studies of the effects of 
flame-vortex interactions and the effects of equivalence ratio 
fluctuations on unstable combustion, but the interaction 
between these two mechanisms and their combined effect on 
unstable combustion has received little attention. The simplest 
analysis of unstable combustion is a time lag analysis. The 
objective of a time lag analysis is to determine the time 
difference (∆τ) between the time of arrival of an upstream 
perturbation at the flame front and the time when the flame’s 
rate of heat release is maximum. As stated by Rayleigh’s 
Criterion [17], if I∆τI < ± ¼ T , where T is the period of the 
instability, then the perturbation acts to strengthen the 
instability. Whereas, if   ¼ T < I∆τI < ¾ T, the perturbation acts 
to damp the instability. In order to study the combined effects 
of flame-vortex interactions and equivalence ratio fluctuations, 
a research combustor has been developed which provides the 
capability of varying the injection location, thereby allowing 
the time-lag associated with the equivalence ratio fluctuation to 
be changed independently of the time-lag associated with the 
flame-vortex interactions. 
 

EXPERIMENTAL SETUP  
 

Apparatus 
Experiments were performed in a swirl-stabilized, lean-

premixed, laboratory-scale combustor. The combustor is 
comprised of a mixing section and a combustion chamber. The 
mixing section houses a movable fuel injector and a swirler; 
while the combustion chamber consists of an optically-
accessible quartz section followed by a variable length steel 
section. A unique feature of this combustor is that both the fuel 
injection location and the combustion chamber length can be 
independently varied.  

Figure 1(a) shows a schematic drawing of the mixing 
section. It includes a choked inlet, the fuel injector, the swirler 
and a bluff centerbody. The choked inlet, which is located 330 
mm upstream of the dump plane, provides a well defined 
acoustic boundary condition at the inlet to the mixing section. 
The ring-type fuel injector has an airfoil-shaped cross-section 
so as to minimize its effect on the mixing section acoustics. The  
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Figure 1. Schematic drawing of (a) the mixing section, 
and (b) the variable length combustion chamber.  
 
location of the fuel injector can be continuously varied from 
152 to 305 mm upstream of the dump plane, which allows for a 
significant variation of the convection time from the injector to 
the dump plane. In order to achieve a uniform fuel distribution, 
the fuel is transversely injected through twenty-four, 0.36mm 
diameter, choked holes which are equally spaced along the 
inner and outer sides of the fuel injection ring. A K-type 
thermocouple is mounted 133 mm upstream of the dump plane 
to measure the mixture inlet temperature. A 30° axial swirler is 
located 76 mm upstream from the dump plane, and the 
calculated swirl number is 0.45. The bluff centerbody has an 
outer diameter of 19 mm and is centered in the mixing section, 
which has an inner diameter of 38 mm. The centerbody is 
positioned such that the end is flush with the dump plane. The 
flow area ratio between the mixing section and the combustion 
chamber is 1 to 11. The dump plane provides access for a spark 
ignitor and a water-cooled pressure transducer, which is used to 
measure the (time varying) dynamic pressure in the combustion 
chamber. 

Figure 1(b) shows a schematic drawing of the quartz and 
steel combustion chamber. It consists of a 115 mm diameter by 
305 mm long quartz tube connected to a 76 mm diameter 
stainless steel tube. The quartz tube provides optical access for 
the chemiluminescence emission measurements that are used to 
determine the overall rate of heat release and the flame 
structure. The overall length of the combustion chamber is 
determined by the location of a stainless steel, water-cooled 
plug that can be moved continuously along the length of the 
stainless steel section of the combustion chamber. The 
combustion chamber length can be varied between 762 and 
1,524 mm, which corresponds to a nominal factor of two 
variation in the acoustic frequency of the combustion chamber. 
The blockage ratio of the plug is 80%, and as a result the mean 
combustion chamber pressure is slightly greater than  
2 Copyright © 2009 by ASME 



Table 1. Operating conditions for the experiments 
 

Parameters Values 

Inlet Temperature, Tin 473 K (200 °C) 

Inlet Velocity, Vin 60, 70, 90, 100 m/s 

Equivalence Ratio, Φ 0.55, 0.6, 0.65, 0.7 

Fuel Injection Location, 
Linj

152, 178, 203, 229, 254, 279, 
305 mm (6, 7, 8, 9, 10, 11, 12”) 

Premixed (PM) 

Combustor Length, Lc
762 – 1,524 mm (30 – 60 inches) 
in 25.4 mm (1 inch) increments 

 
atmospheric pressure. The stainless steel section of the 
combustion chamber is jacketed to provide air cooling of the 
combustion chamber walls; which also serves as a regenerative 
heater for preheating the air flow to the combustor. The exhaust 
gas temperature downstream of the plug is monitored with 
another K-type thermocouple.  

Test Conditions 
Tests were conducted at a nominal combustor pressure of 1 

atm over the range of operating conditions listed in Table 1. 
The air is heated to the inlet temperature by the regenerative 
heater and a 30 kW electric heater. Natural gas (96% methane) 
is used as fuel and injected either through the fuel injector into 
the mixing section or far upstream of the choked inlet. In the 
latter case, referred to as “Premixed (PM)” injection (see Table 
1), the fuel is mixed with the air far upstream of the choked 
inlet to eliminate the possibility of equivalence ratio 
fluctuations. The air and fuel flow rates are measured with 
linear mass flow meters, which give an uncertainty in the inlet 
velocity of less than 2% and in the equivalence ratio of less 
than 3%. 

 

MEASUREMENT TECHNIQUES 
 
Combustion chamber dynamic pressure, the acoustic 

pressure and velocity in the mixing section, and the global OH* 
and CH* chemiluminescence intensity were measured at all 
operating conditions. The measurements were made 
simultaneously at a sampling rate of 8192 Hz (per channel). 
Data were collected for 2 seconds, for a total of 16384 
measurements (per channel). The corresponding time resolution 
and frequency resolution were  122 µs and 0.5 Hz, respectively. 
Measurements at a given operating condition were always 
taken as the length of the combustor was increased to eliminate 
hysteresis effects.  
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Figure 2. Typical frequency spectrum of the combustion 
chamber pressure at an unstable operating condition: Tin 
= 473 K, Vin = 60 m/s, Φ = 0.65, Linj = 152 mm, and Lc = 
1524 mm. 
 
Dynamic Pressure Measurement 

The most basic measurement in studies of unstable 
combustion is the dynamic pressure in the combustor. A water-
cooled high-frequency response piezoelectric pressure 
transducer is flush mounted in the dump plane to measure the 
pressure oscillations in the combustor. The transducer output is 
amplified and converted to a voltage signal by an in-line charge 
amplifier. The frequency spectrum of the combustor pressure 
signal is used to determine the instability frequency and 
strength. Figure 2 shows a typical frequency spectrum of the 
dynamic pressure at an unstable operating condition. In this 
case, there is a strong oscillation near 220 Hz with an 
amplitude slightly greater than 1 psi which corresponds to the 
fundamental frequency; while a second weaker oscillation at 
approximately 440 Hz is the first harmonic. The frequency 
component with the largest amplitude is referred to as the 
instability frequency. Similarly the amplitude at the instability 
frequency is referred to as the instability amplitude, and is used 
as a measure of the instability strength and is given as P′peak.  

Measurement of the Acoustic Pressure and Velocity 
Two piezoelectric pressure transducers are mounted in the 

mixing section at locations 13mm and 51mm upstream of the 
dump plane, as shown in Figure 1(a). Using the two-
microphone method [18, 19], the pressure measurements are 
used to calculate the acoustic pressure and velocity fluctuations 
along the length of the mixing section. The velocity fluctuation 
determined by the two microphone method was verified by hot 
film anemometry measurements at the mid-point of the two 
microphone locations under cold flow conditions. Similarly, the 
pressure fluctuation in the mixing section determined by the 
two microphone method was validated by pressure 
measurements made at seven locations along the length of the 
mixing section. Fig. 3 shows the amplitude and phase of the 
acoustic pressure fluctuations along the length of the mixing  
3 Copyright © 2009 by ASME 
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Figure 3. Validation of the two-microphone method by 
comparison with direct measurements in the mixing 
section at an unstable condition: Tin = 473 K, Vin = 60 m/s, 
Φ = 0.60, Linj = Premixed, and Lc = 1524 mm. (a) Pressure 
magnitude, and (b) Phase of the pressure and velocity. 
Note that ‘x = 0’ is at the dump plane. 
 
section determined by the two microphone method. Also shown 
are data points corresponding to the directly measured pressure. 
The operating condition for the results shown in the Fig. 3 was 
Tin = 473 K, Vin = 60 m/s, Φ = 0.60, Linj = PM, and Lc = 1524 
mm, and the instability frequency was 219 Hz. Fig. 3(a) shows 
the instability amplitude, P′peak, normalized by the mean 
pressure, Pmean, while Fig. 3(b) shows the phase of the pressure 
and velocity fluctuations at the instability frequency. The x 
coordinate represents the location in the mixing section, where 
x = 0 corresponds to the dump plane. The phase measurements 
are referenced to the pressure fluctuation in the combustor, i.e., 
at x = 0. The results obtained using the two microphone method 
agree well with the direct measurements in both magnitude and 
phase. The phase with distance from the dump plane, as shown 
in Fig. 3(b), indicates that a backward traveling wave is 
dominant in the mixing section even though there is a standing 
wave in the combustor. In addition, the choked inlet at the 
entrance to the mixing section can be assumed to act as a 
pressure anti-node while at the exit of the mixing section (or 
the combustor inlet) can be treated as a pressure node. The 
difference between the amplitude of the pressure oscillation 
determined by the two microphone method and the direct 
measurement is shown to  increase with distance from the 
dump plane (x = 0). This is primarily due to the fact that the  
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Figure 4. OH* and CH* chemiluminescence signals with 
time at an unstable operating condition: Tin = 473 K, Vin = 
100 m/s, Φ = 0.65, Linj = Premixed, and Lc = 1041 mm. 
 
two microphone method is based on a one-dimensional 
acoustic model and neglects viscous and thermal dissipation 
effects [19]. The phase of the pressure oscillation determined  
by the two microphone method, however,  agrees well with the 
measured phase , i.e., within ± 5°. Therefore, the two 
microphone method provides a reasonably good prediction of 
the acoustic field in the mixing section, as well as the velocity 
fluctuation at the dump plane.   

Measurement of the Rate of Heat Release 
Along with the dynamic pressure measurement, 

measurement of the flame’s time-varying rate of heat release is 
important  in  the study of  combustion instabil i t ies . 
Chemiluminescence emission has been used extensively in 
combustion instability studies as an indicator of the heat release 
rate from flames in lean premixed combustors [20]. In this 
study, the time-varying overall rate of heat release was 
measured using two photomultiplier tubes and appropriate 
band-pass filters to measure the overall OH* and CH* 
chemiluminescence emission at wavelengths of 307 ± 5 and 
432 ± 5 nm, respectively. Figure 4 shows OH* and CH* signals 
at an unstable operating condition. The gain settings of the 
photomultiplier tubes were adjusted to give comparable output 
signal levels. Although there is a very small phase difference 
between the two signals, it was concluded that either of these 
measurements could be used as a measure of the time-varying 
rate of heat release during unstable combustion [21]. Care 
should be taken, however, when using chemiluminescence 
emission as an indicator of the rate of heat release in partially 
premixed flames, where there are likely to be equivalence ratio 
fluctuations. The interpretation of the chemiluminescence 
intensity is difficult under such circumstances because it is a 
function of both the rate of heat release and the equivalence 
ratio [20, 22]. Therefore, chemiluminescence signals may not 
represent the magnitude of the heat release rate accurately in 
partially premixed flames, due to equivalence ratio fluctuations. 
As the main reason for this limitation results from the fact that  
4 Copyright © 2009 by ASME 
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Figure 5. Instability strength distribution with respect to 
frequency for all operating conditions; Tin = 473 K, Vin = 
60 ~ 100 m/s, Φ = 0.55 ~ 0.70, Linj = 152 ~ 305 mm, and 
Lc = 762 ~ 1524 mm. 
 
the proportionality constant between the heat release rate and 
chemiluminescence signal changes with respect to the 
equivalence ratio [21, 22], the phase of a chemiluminescence 
signal should still be identical to that of the heat release rate 
oscillations. Therefore, chemiluminescence emission can be 
used as a semi-quantitative estimation of heat release rate for 
partially premixed flames in a preheated lean flame condition 
[16]. 

 

RESULTS  
 

Overall Stability Characteristics 
Instability strength, represented by P′peak / Pmean, is plotted 

versus instability frequency in Figure 5. Each data point 
represents a specific operating condition, i.e., a specific inlet 
temperature, inlet velocity, equivalence ratio, fuel injection 
location, and combustor length, and data for all operating 
conditions listed in Table 1 are included. The data show that 
there are two instability regimes: a lower frequency regime 
between 210 and 240 Hz, and a higher frequency regime 
between 330 and 370 Hz. The largest amplitude instabilities in 
the low and high frequency regimes, respectively, occur at 
approximately 220 and 345 Hz. 

The relationship between the magnitude of the normalized 
combustor pressure fluctuation and the phase of the heat 
release rate is shown in Figure 6, where the overall OH* 
chemiluminescence intensity is assumed to be a measure of the 
overall rate of heat release and the phase of the heat release is 
defined relative to the pressure in the combustor.   Again, data 
for all operating conditions given in Table 1 are plotted in this 
figure. It shows that instabilities occur over a range of phase 
from –90 degrees to +90 degrees and that the strongest 
instabilities are observed when the phase difference between  
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 Figure 6. Phase of the heat release fluctuation 
measured by global OH* chemiluminescence versus 
instability strength for all operating conditions; Tin = 473 
K, Vin = 60 ~ 100 m/s, Φ = 0.55 ~ 0.70, Linj = 152 ~ 305 
mm, and Lc = 762 ~ 1524 mm. 
 
the pressure fluctuation and the rate of heat release fluctuation 
is zero. This is as expected and is consistent with Rayleigh’s 
criterion [17]. That there are operating conditions which satisfy 
Rayleigh’s criteria but are not unstable is due to the fact that in 
these conditions the system damping is greater than the gain.  

Effect of Varying Fuel Injection Location 
The stability characteristics of the combustor at a given 

operating condition (Tin , Vin , Φ) are presented in the form of a 
three-dimensional stability map, which is a plot of P′peak / Pmean 
versus  the combustor length (Lc) and the fuel injection location 
(Linj).  

Stability maps are given in Figure 7 for an inlet 
temperature (Tin) of 473 K, an inlet velocity (Vin) of 60 m/s, 
and four equivalence ratios (Φ = 0.55, 0.60, 0.65, and 0.70). 
For comparison purposes, the case when the fuel is mixed with 
the air far upstream of the choked inlet to the mixing section is 
also presented. This is referred to as the premixed case (PM), 
while all other cases are referred to as partially premixed cases. 
The significance of the PM case is that there can be no 
equivalence ratio fluctuations in this case. The results presented 
in Fig. 7 clearly show that the instability characteristics depend 
on both the combustor length [11, 23] and the fuel injector 
location [14].   

The stability maps also show the lower frequency (210 to 
240 Hz) and higher frequency (330 to 370 Hz) instability 
regimes observed in Figure 5. As one would expect, the two 
regimes correspond to different combustor lengths, i.e., the 
lower frequency instabilities are observed when the combustor 
length is near 1500 mm, and the higher frequency instabilities 
are observed when the combustor length is near 1050 mm. Fig. 
7 also shows that equivalence ratio has a significant effect on 
the instability characteristics. At an equivalence ratio of 0.55, 
5 Copyright © 2009 by ASME 



all of the observed instabilities are in the lower frequency 
regime, while at an equivalence ratio of 0.70, strong 
instabilities are only observed in the higher frequency regime. 
As the equivalence ratio is increased from 0.55 to 0.70 there is 
a transition from the lower frequency regime to the higher 
frequency regime, where at an equivalence ratio of 0.65, 
instabilities are observed in both the lower and higher 
frequency regimes. It is important to note, however, that the 
transition is bimodal in nature, i.e., the frequency “jumps” from 
one frequency regime to the other as the equivalence ratio 
changes without going through the intermediate frequencies. 

A comparison of the premixed and the partially premixed 
results in Figures 7(a) and 7(b) shows that the strength of the 
instabilities under partially premixed conditions can either be 
greater than or less than that of the premixed case, depending 
on the fuel injection location. A similar comparison can be 
made between the premixed and the partially premixed results  

 

 

in Fig. 7(c) and 7(d). Again, the fuel injection location has a 
significant effect, however, in both of these cases (7(c) and 
7(d)) no instabilities are observed under premixed conditions.  

Figure 8 shows the stability characteristics at Tin = 473 K, 
Vin = 100 m/s, and equivalence ratios of Φ = 0.55, and 0.65. As 
was observed in Fig. 7, these results show that 1) the instability 
strength depends on the fuel injection location, 2) the strength 
of the instabilities under partially premixed conditions can 
either be greater than or less than that of the premixed case, 
depending on the fuel injection location, 3) there is evidence of 
the higher frequency and lower frequency regimes observed in 
Fig. 5, and 4) the instabilities move from the lower frequency 
regime to the higher frequency regime when the equivalence 
ratio is increased. The most notable difference between the 
instabilities shown in Fig. 7 and Fig. 8 is that the instabilities 
are appreciably stronger in the 100 m/s case (Fig. 8) than they 
are in the 60 m/s case (Fig. 7).  
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(a) Φ = 0.55                   (b) Φ = 0.60 
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Figure 7. Instability characteristics with respect to combustor length (Lc) and fuel injection location (Linj) at Tin = 473 K, 
Vin = 60 m/s; (a) Φ = 0.55, (b) Φ = 0.60, (c) Φ = 0.65, and (d) Φ = 0.70.
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Figure 8. Instability characteristics with respect to 
combustor length (Lc) and fuel injection location (Linj) at 
Tin = 473 K, Vin = 100 m/s; (a) Φ = 0.55, and (b) Φ = 0.65. 

 
As discussed previously, the magnitude and phase of the 

equivalence ratio fluctuations are directly related to the 
acoustic pressure and velocity fluctuations at the injection 
location, which can be determined using the two microphone 
method. Figure 9 shows the two microphone method results in 
terms of the normalized magnitude and phase of the acoustic 
velocity fluctuation versus the distance from the dump plane 
for three fuel injection locations at Tin = 473 K, Vin = 60 m/s, Φ 
= 0.60, and at Lc = 1524 mm. The magnitude of the velocity 
fluctuation is plotted in terms of  V′peak/Vmean, where V′peak is 
the amplitude of the velocity fluctuation at the instability 
frequency, and Vmean is the mean velocity in the mixing section. 
Also note that the phase of the velocity fluctuation is defined 
relative to the pressure fluctuation in the combustor. 

The two microphone method results plotted in Figure 9 
show that the magnitude of the velocity fluctuation is different 
for the three injection locations, where the relative magnitudes 
scale with the magnitude of the pressure fluctuation in the 
combustor (refer to Fig. 7(b)). The phase distribution of the 
velocity fluctuation at any location in the mixing section,  
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Figure 9. (a) Magnitude, and (b) phase, of the normalized 
velocity fluctuation in the mixing section measured by the 
two-microphone method for the three fuel injection 
locations at Tin = 473 K, Vin = 60 m/s, Φ = 0.60, and Lc = 
1524 mm. 
 
however, is the same for all three injection locations, and 
therefore is independent of the strength of the instability. From 
the fact that the same trend (not shown here) was observed for 
the two microphone method predicted pressure oscillations in 
the mixing section, it is concluded that the equivalence ratio 
fluctuation varies the magnitude of pressure and velocity 
fluctuation in the mixing section without influencing the phases 
of the two acoustic quantities. Note that the magnitude of the 
normalized velocity fluctuation, V′peak / Vmean, reaches its 
maximum at the dump plane (x = 0) and its minimum at the air 
choked inlet (x = -330 mm) regardless of Linj or the instability 
strength. This makes sense because one can approximate that 
the choked inlet acts as a velocity node as it is almost closed 
and the dump plane as an anti-node as it is open. 

 
 
DISCUSSION 
 
Low and high frequency regimes 

The instabilities observed in this study are longitudinal 
mode instabilities, hence their frequency is directly related to 
the length of the combustor. The advantage of the variable 
length combustor is that it can be used to identify the 
characteristic instability frequency (or frequencies) associated 
7 Copyright © 2009 by ASME 



with a given operating condition. Whether or not an instability 
occurs at a particular frequency, i.e., combustor length, depends 
on the phase and gain of the flame’s response and the system 
damping at that frequency.  

As shown in Figure 5, over the range of operating 
conditions studied, two instability regimes were observed: a 
lower frequency regime near 220 Hz which occurs at 
combustor lengths of approximately 1500 mm, and a higher 
frequency regime near 345 Hz which occurs at combustor 
lengths of approximately 1050 mm. This behavior is consistent 
with the fact that these are longitudinal mode instabilities, but it 
does not shed any light on why the instabilities occur at these 
two particular frequencies.  

In a companion study [24] using the same combustor, it 
was found that the flame’s response to air-forcing exhibits 
maximum gain at forcing frequencies near 225 Hz, indicating 
that the flame is most responsive to inlet velocity fluctuations at 
that frequency. It is important to note that in the air-forcing 
experiments the combustor was run in a premixed mode to 
eliminate the possibility of equivalence ratio fluctuations. It is 
also important to note that in this study under premixed 
conditions that strong instabilities were observed in the low 
frequency regime (see Figures 7 and 8). These facts suggest 
that flame-vortex interactions are the dominant instability 
mechanism in the lower frequency instabilities.  

The high frequency instability regime can be related to the 
acoustic characteristics of the mixing section. If one calculates 
the natural frequency of the quarter-wave mode in the mixing 
section based on the inlet temperature (473 K) and the mixing 
section  length (330 mm), it is found to be 330 Hz. Therefore 
when the acoustic frequency of the combustor is near 330 Hz, 
there is a coupling between the mixing section and the 
combustion chamber which results in the observed high 
frequency regime instabilities [25].   

 
Effect of Injection Location 

A comparison of the premixed and the partially premixed 
results in Figures 7(a) and 7(b) shows that the instability 
strength under partially premixed conditions can either be 
greater than or less than that of the premixed case, depending 
on the fuel injection location. When the instability in the 
premixed case is stronger than in the partially premixed case, it 
can be assumed that the equivalence ratio fluctuations in the 
partially premixed case are out-of-phase with the flame-vortex 
interactions and therefore act to damp the instability. While 
when the instability strength is greater in the partially premixed 
case, one can assume that the equivalence ratio fluctuations and 
the flame-vortex interactions are in-phase. 

A similar comparison can be made between the premixed 
and the partially premixed results in Fig. 7(c) and 7(d). Again, 
the fuel injection location has a significant effect, however, in 
both of these cases no instabilities are observed under premixed 
conditions. This does not mean that flame-vortex interactions 
do not play an important role in the observed instabilities. The 
fact that the instability frequencies are in the same low and high  
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Figure 10. Time series of (a) Combustor pressure 
fluctuations, and (b) CH* chemiluminescence intensities, 
for the three cases in Table 2. 

 
Table 2. Instability frequency and magnitude for three fuel 
injection cases at Tin = 473 K, Vin = 100 m/s, Φ = 0.65, 
and Lc = 1041 mm 
 

ID # Linj
Fundamental 

frequency P′peak / Pmean

   Case 1 PM 353.5 Hz 0.057 

   Case 2 203 mm 358.0 Hz 0.035 

   Case 3 152 mm 345.5 Hz 0.085 
 

frequency regimes indicates that flame-vortex interactions are 
still important. 

  Evidence of the effect of the phase of the equivalence 
ratio fluctuation can be found in the combustor pressure and 
chemiluminescence emission measurements. Time series of the 
combustor dynamic pressure and the CH* chemiluminescence 
are shown in Figure 10, for three fuel injection locations, at an 
operating condition of Tin = 473 K, Vin = 100 m/s, Φ = 0.65, 
and Lc = 1041 mm. The three cases are also marked in Fig. 
8(b), and the instability characteristics for these conditions are 
summarized in Table 2. The instability frequencies for the three 
cases are similar because the operating condition and the 
combustor length are identical. Table 2 shows that relative to 
the premixed case (Case 1) the amplitude of the pressure 
fluctuations in the partially premixed cases decreases by 
8 Copyright © 2009 by ASME 



roughly 40% in Case 2, and increases by roughly 50% in Case 
3. The shapes of the time varying pressure and CH* 
chemiluminescence signals provide insights regarding the 
interaction of the flame-vortex and equivalence ratio 
fluctuation instability mechanisms.  

Considering that the two injection locations of Cases 2 and 
3 are relatively close to the combustor inlet so that the 
dissipation effect may be assumed to be not so significant, the 
big difference in instability strength is mainly due to the 
convection time effect. Figure 10(a) shows that the combustor 
pressure oscillates periodically for all of the three cases though 
the amplitude of the pressure signals varies according to the 
instability strength.  

At the same time interval and for the same cases, CH* 
chemiluminescence signals are shown in Fig. 10(b). The shape 
of the time varying CH* chemiluminescence signals for the 
three cases is drastically different. Firstly, two peaks are 
observed in Case 2 while only one peak is present in Case 1 
during each period. One of the two peaks in Case 2 is almost in 
phase with the peak in Case 1, but the other one is shown as 
almost out of phased with the one in Case 1. The two peaks in 
Case 2 is believed to correspond to two main influences on the 
heat release rate oscillation, that is, the flame-vortex interaction 
and the equivalence ratio fluctuation. In addition, from the fact 
that only the flame-vortex interaction plays a role in generating 
CH* chemiluminescence signals for the premixed condition 
(Case 1) and the effect of equivalence ratio fluctuation is 
superposed on the effect of the flame-vortex interaction in the 
partially premixed condition (Case 2), one can deduce that the 
out-of-phase peak in Case 2 may be due to the equivalence 
ratio fluctuation. After all, the off-phase behavior of the two 
effects on the heat release rate fluctuation may tend to damp the 
instability characteristics in Case 2 as compared with Case 1. 
On the other hand, the two CH* chemiluminescence signals of 
Cases 1 and 3 show behavior opposite to that of Cases 1 and 2. 
Not only does the CH* of Case 3 have one sharp peak with 
very large amplitude in one period, but it also shows a very 
small signal level at its trough, as compared with that of Case 
1. This behavior strongly supports the conclusion that the heat 
release rate oscillation in Case 3 results from the in-phase 
behavior of the two effects, i.e., the rich mixture due to the 
equivalence ratio fluctuation contributes to the heat release at 
the same time that the flame-vortex interaction generates the 
highest heat release rate in a cycle. In short, there is clear 
evidence of constructive and destructive coupling of the two 
instability mechanisms, even though we admit the limitation on 
the relationship between chemiluminescence signals and rate of 
heat release in partially premixed conditions [19].  
 

CONCLUSIONS  
A comprehensive set of experiments was conducted to 

characterize the combined effects of flame-vortex interactions 
and equivalence ratio fluctuations on unstable combustion in a 
swirl-stabilized lean premixed gas turbine model combustor. Of 
 

special interest were the relative importance of and the 
interaction between the two instability mechanisms. 
Instabilities were found to occur in one of two instability 
regimes, a lower frequency regime (~220 Hz) and a higher 
frequency regime (~350 Hz). It was also found that instabilities 
shift from the lower frequency regime to the higher frequency 
regime as the equivalence ratio increased. It was observed that 
the strength of the instability changed significantly when the 
fuel injection location was varied. A comparison of time series 
of pressure and CH* chemiluminescence signals suggests the 
constructive and/or destructive coupling of the two 
mechanisms. Thus the experimental results confirm that the 
flame-vortex interaction and the equivalence ratio fluctuation 
interact each other and drive the instability characteristics in 
partially premixed conditions. Changes in instability strength 
due to changes in fuel injection location, however, did not 
influence the phase of acoustic pressure and velocity 
fluctuations in the mixing section.  
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