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Abstract:    This paper presents an experimental study on the emission characteristics and combustion instabilities of oxy-fuel 
combustions in a swirl-stabilized combustor. Different oxygen concentrations (Xoxy=25%~45%, where Xoxy is oxygen concentra-
tion by volume), equivalence ratios (φ=0.75~1.15) and combustion powers (CP=1.08~2.02 kW) were investigated in the oxy-fuel 
(CH4/CO2/O2) combustions, and reference cases (Xoxy=25%~35%, CH4/N2/O2 flames) were covered. The results show that the 
oxygen concentration in the oxidant stream significantly affects the combustion delay in the oxy-fuel flames, and the equivalence 
ratio has a slight effect, whereas the combustion power shows no impact. The temperature levels of the oxy-fuel flames inside the 
combustion chamber are much higher (up to 38.7%) than those of the reference cases. Carbon monoxide was vastly produced 
when Xoxy>35% or φ>0.95 in the oxy-fuel flames, while no nitric oxide was found in the exhaust gases because no N2 participates 
in the combustion process. The combustion instability of the oxy-fuel combustion is very different from those of the reference 
cases with similar oxygen content. Oxy-fuel combustions excite strong oscillations in all cases studied Xoxy=25%~45%. However, 
no pressure fluctuations were detected in the reference cases when Xoxy>28.6% accomplished by heavily sooting flames which 
were not found in the oxy-fuel combustions. Spectrum analysis shows that the frequency of dynamic pressure oscillations exhibits 
randomness in the range of 50~250 Hz, therefore resulting in a very small resultant amplitude. Temporal oscillations are very 
strong with amplitudes larger than 200 Pa, even short time fast Fourier transform (FFT) analysis (0.08 s) shows that the pressure 
amplitude can be larger than 40 Pa. 
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INTRODUCTION 

 
Oxy-fuel (CO2/O2) combustion technology is 

one of the promising solutions for controlling 
greenhouse gases of which CO2 is by far the most 
important one in terms of the amount emitted. 
Nowadays power production contributes approxi-
mately one-third of the CO2 released from the fossil 
fuel conversion process in the world. Power plants 

using fossil fuel and CO2 recovery are believed to be 
the least costly alternative for CO2-free power pro-
duction although roughly one-fifth of the electricity 
produced will be lost by CO2 separation and com-
pression (Lyngfelt et al., 2001). The semi-closed CO2 
gas turbine cycle gives an encouraging alternative for 
today’s gas turbines (Bolland and Mathieu, 1998). 
When CO2 is used in semi-closed turbines other than 
N2, the thermodynamic properties of CO2 are very 
different from those of N2. It is necessary to study the 
characteristics of oxy-fuel combustions in swirl- 
stabilized combustors, such as the ignition delay, 
temperature level and combustion stability. 

The oxy-fuel combustion in straight burners has 
been studied by several researchers. Kim et al.(2006; 
2007a; 2007b) studied the NO production and flame 
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length in 0.03~0.20 MW oxy-fuel combustors under 
different oxidizer velocities (0~80 m/s) and quarl 
angles (0°~15°). Boushaki et al.(2007) investigated 
the lift-off height of oxy-fuel flames and the flame 
spread angle in a separated-jet burner (a central 
natural gas jet surrounded by two oxygen jets) under 
different oxygen velocities (0~53.3 m/s) and angles of 
oxygen jets (0°~30°). The radiation aspect of oxy-fuel 
combustion was explored by Naik et al.(2003) and 
Andersson and Johnsson (2007). Naik et al.(2003) 
discussed the effects of radiation on NO formation in 
sooting oxy-fuel flames, and suggested that the ra-
diative heat loss due to soot formation should be 
considered in predicting the peak flame temperature, 
and that soot significantly influences the amount of 
NO formation. Andersson and Johnsson (2007) ana-
lyzed the radiation characteristics of propane burning 
oxy-fuel combustion with different oxygen concen-
trations in gas mixtures (Xoxy=21% and 27%, where 
Xoxy is oxygen concentration by volume, and an 
air-fuel reference case). They found that the flame 
emisivities for the Xoxy=21% and 27% cases are much 
larger (up to 30%) than those of air-fuel flames. To 
our knowledge, little research has been conducted on 
the oxy-fuel combustion in swirl-stabilized combus-
tors, which are more common in industry. This work 
will focus on the related measurement issues. 

Combustion instability is a typical phenomenon 
in gas turbines no matter whether air-fuel combustion 
or oxy-fuel combustion is adopted (Dowling, 2000). 
The subject has been extensively explored. Hobson et 
al.(2000) measured the oscillating pressure in a 
number of 150 MW industrial gas turbines. Li H. et 
al.(2007) investigated the lean blowout in propane/air 
flames. Low-frequency temperature oscillations were 
found to increase sharply as the flames approach the 
inferior limit of the equivalence ratio. Giezendanner 
et al.(2005) employed laser-Doppler velocimetry, 
planar laser-induced fluorescence and laser Raman 
scattering to measure the axis velocity, temperature, 
heat release and dynamic pressure. Meier et al.(2007) 
proposed a feedback mechanism to account for the 
excitation of combustion instability. Reviews on the 
combustion instability in swirl-stabilized combustors 
were given by Keller (1995) and Syred (2006). Di-
taranto and Hals (2006) investigated the combustion 
instability in a sudden expansion oxy-fuel burner. 
They proposed five resonant modes and found that the 

oxygen concentration in the oxidizer plays a key role 
in the triggering of instabilities. Unfortunately, little 
work has been reported on the combustion instability 
in oxy-fuel swirl-stabilized combustors. 

This work experimentally investigated the 
burned gas components, temperature distribution and 
dynamic pressure behavior in well defined oxy-fuel 
combustion cases and reference cases in a 
swirl-stabilized combustor. Comparisons of tempera-
ture level and oscillating pressure between oxy-fuel 
flames and reference cases are presented. This study 
gives insight into the physical mechanism of oxy-fuel 
combustion technology, and helps to optimize the 
design of oxy-fuel swirl-stabilized combustors. 

 
 

APPARATUS 
 

The experimental system is shown in Fig.1. The 
swirl combustor is similar to the one used by Masri et 
al.(2004) while the bluff-body was removed and a 
central pilot jet was added. CH4 and O2/CO2/N2 are 
used as fuel and oxidizer separately. The mass flow 
rates are controlled precisely by two Alicat® and one 
D07® mass flow controllers (MFCs). The accuracy of 
the MFC is less than ±1.5%. 

Seven temperature measuring holes are drilled 
along the combustion chamber, and the tip of the 
thermocouple is located at the center of the combus-
tion chamber’s cross-section. Type S thermocouples 
(T1-T7) with an accuracy of 0.25% full scale (FS) are 
used, and the distances between the injector exit and 
the thermocouple tips are 30 mm, 80 mm, 120 mm, 
160 mm, 200mm, 300 mm and 580 mm downstream 
of the injector exit, sequentially. An HP 34970A unit 
and an HP 34908A block are used to collect the tem-
perature signals. The HP 34970A unit has an accuracy 
of 6.5 bits and its largest sample rate is 250 Hz. Effects 
of radiation and convection on the thermocouple tips 
are not considered, so the measured temperatures only 
serve as reference temperatures in the discussion. 

One pressure measuring hole is drilled at a loca-
tion of 300 mm downstream of the injector exit on the 
opposite side of the temperature measuring holes. One 
CGY® dynamic pressure transducer is used, whose 
accuracy and dynamic range is ±0.5% FS and 20 kHz, 
respectively. Pressure signals are collected using an 
HP® 8401A VXI mainframe, a fast A/D module called 
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HP E1432A and a communicate module named HP 
E8491A. The sampling rate and accuracy of HP 
E1432A is 51200 Hz and 12 bits, respectively. 

A continuous sampling program is developed 
using Agilent VEE®. The gas analyzer used is a Ho-
riba PG-250, which utilizes Nondispersive Infrared 
measuring technique for CO2 and CO, Chemillumi-
nescence for NOx, and Galvanic Cell for O2. The 
accuracy of the gas analyzer is ±0.5% FS in all ranges 
of CO2 and O2 concentrations, and in the ranges for 
CO concentration larger than 1000×10−6 and for NOx 
concentration above 100×10−6. The accuracy is 
±1.0% FS for CO concentration in ranges under 
1000×10−6 and for NOx concentration in ranges under 
100×10−6. The gas sampling location is 30 mm inside 
the combustion chamber upstream of the outlet. A 
series of experimental cases studied are shown in 

Table 1. The swirl number of the combustor is about 
0.4 (Li G.N. et al., 2007), which is deduced from the 
flow field simulated by FLUENT 6.1.22® with the 
definition of the swirl number as follows: 
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where ρ is the air density, W is the tangential velocity, 
U is the axis velocity, and Ri→Rj is the integral radius. 
This swirl burner belongs to the category of low-swirl 
burner (LSB), which is widely used in the laboratory 
(Johnson et al., 2005). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
RESULTS AND DISCUSSIONS 
 
Temperature level and emission characteristics 

Temperature distributions along the axis of the 
combustion chamber in various cases are shown in 
Fig.2. Combustion delay (Combustion delay is de-
fined as the time from the moment that the fuel is 
injected from the fuel nozzle to the moment that the 
highest mixture temperature is reached) as well as the 

Table 1  Experimental cases 

Category
No. 

CH4
(ml/s)

O2
(ml/s)

CO2
(ml/s) 

N2 
(ml/s) 

2OX  
(%) 

φ CP*

(kW)

31.7 66.7 200.0  25 0.95 1.08
31.7 66.7 155.5  30 0.95 1.08
31.7 66.7 123.8  35 0.95 1.08
31.7 66.7 100.0  40 0.95 1.08

1 

31.7 66.7   81.5  45 0.95 1.08
25.0 66.7 123.8  35 0.75 0.85
28.3 66.7 123.8  35 0.85 0.96
31.7 66.7 123.8  35 0.95 1.08
35.0 66.7 123.8  35 1.05 1.08

2 

38.3 66.7 123.8  35 1.15 1.08
31.7 66.7 155.5  30 0.95 1.08
39.6 83.3 194.5  30 0.95 1.35
47.5 100.0 233.3  30 0.95 1.62

3 

59.4 125.0 291.7  30 0.95 2.02
31.7 66.7  200.0 25 0.95 1.08
31.7 66.7  155.5 30 0.95 1.08
31.7 66.7  123.8 35 0.95 1.08
47.5 100.0  300.0 25 0.95 1.62

4 

47.5 100.0  233.3 30 0.95 1.62
*CP: combustion power is calculated from the heat value of 
methane, 34000 kJ/m3 

Fig.1  Experimental system. (a) Experimental apparatus;
(b) Experimental combustor (dimensions are in mm) 
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temperature level near the injector exit is influenced 
seriously by the oxygen concentration as shown in 
Fig.2a. Fig.2a indicates that the highest measured 
temperature in the case where Xoxy=45% is 336 K 
higher than that in the case where Xoxy=25% corre-
sponding to approximately 24.5% improvement. In 
the case where Xoxy=25% a highest measured tem-
perature of 1376 K appears at the location of 80 mm 
downstream of the injector exit. The higher tem-
perature level in the case where Xoxy=45% is caused 
by the reduced amount of CO2, accordingly less heat 
is absorbed in the flame zone. Both Xoxy=25% and 
Xoxy=30% cases exhibit a large negative temperature 
gradient from 80 mm to 200 mm downstream of the 
injector exit, which represents the location of the 
flame front. At this location, the temperatures in the 
cases of Xoxy=35%, Xoxy=40%, and Xoxy=45% start to 
decrease already from the first measuring point, and 
no parabolic shape is found in the temperature profile, 
although a weak trend in parabolic-like temperature 
profile may exist between 0 mm and 30 mm down-
stream of the injector exit. In other words, the oxygen 
concentration in the oxidizer is the key parameter in 
controlling the combustion delay of oxy-fuel flames, 
e.g., a lower oxygen concentration in the oxidizer will 
delay the burnout of oxy-fuel combustion.  

The equivalence ratio has a slight effect on the 
combustion delay as shown in Fig.2b, e.g., the flame 
fronts of both φ=1.05 and φ=1.15 cases are at 80 mm 
downstream of the injector exit, while the cases of 
φ=0.75, φ=0.85 and φ=0.95 have no parabolic-like 
temperature profiles. It should be noted that all the 
cases shown in Fig.2b are assigned a fixed oxygen 
concentration of 35%. Cases where φ=1.05 and 
φ=1.15 will not be used in practical devices, because 
pollutant emissions are vastly produced in these 
fuel-rich cases, which will be discussed later. As a 
consequence, the influence of equivalence ratio 
makes only a minor contribution to the combustion 
delay in oxy-fuel flames.  

Combustion power (CP) has no effect on the 
combustion delay as shown in Fig.2c. The tempera-
ture level in the CP=2.02 kW case is approximately 
16.5% higher on average than that of the CP=1.08 kW 
case, but the flame fronts of all the cases with a fixed 
oxygen concentration of 30% are at 80 mm down-
stream of the injector exit. The largest combustion 
power is 87% higher than that of the smallest one, yet 

no shift in the position of the flame front is detected. 
Therefore, the effect of combustion power on the 
combustion delay could be excluded. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3 shows the comparison of the temperature 
level between oxy-fuel combustions and reference 
flames. The temperature level of the CO2/O2 case is 
38.7% higher on average than that of N2/O2 case when 
Xoxy=25% while this improvement is 22.2% when 
Xoxy=30%. The much higher average temperature 
level of oxy-fuel combustions results from the much 
higher gas emissivity of oxy-fuel burned gases than 
that of reference flames. According to Andersson and 
Johnsson (2007), the emissivity of oxy-fuel burned 
gases can be 30% larger than that of a reference case 
with similar combustion power and oxygen concen-
tration in the oxidizer. As shown in Fig.3, the slope 
coefficients of the temperature behind the flame front 
in oxy-fuel flames are smaller than those of reference 

Fig.2  Effects of (a) oxygen content, (b) equivalence ratio
(Xoxy=30%) and (c) combustion power (Xoxy=35%) on
temperature distribution 
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cases. It is interesting to find that the difference levels 
(i.e., 22.2% to 38.7%) between case Xoxy=30% and 
case Xoxy=25% are quite different, corresponding to a 
difference of 74%. The reason lies in the soot radia-
tion of the reference flame with Xoxy=30% which will 
be discussed later. Another interesting phenomenon is 
that the combustion delay is very different between 
oxy-fuel combustions and reference flames, e.g., the 
flame front of oxy-fuel flames is at 80 mm down-
stream of the injector exit, whereas this is not so for 
the reference cases with similar oxygen concentration 
in the oxidizer. This phenomenon is caused by the 
much higher density and heat capacity of CO2 com-
pared to N2. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.4 shows the measured exhaust gas compo-

sitions of oxy-fuel combustions. As shown in Fig.4a, 
the unburned oxygen concentration in the exhaust 
gases decreases with the increasing equivalence ratio. 
The reason for this phenomenon lies in the fact that 
the mixture is approaching the stoichiometric situa-
tion. The unburned oxygen concentration decreases 
firstly with the increasing oxygen concentration in the 
oxidizer, followed by an increase in the case where 
Xoxy=45% which is shown in Fig.4b. The underlining 
mechanism is that the mixture with higher oxygen 
concentration has a larger flame speed (Ditaranto and 
Hals, 2006), and becomes combustible more easily. 
When the oxygen concentration is too high 
(Xoxy=45%) CH4/CO2/O2 flame has a much higher 
combustion temperature, which excites much 
stronger combustion instability, causing the unburned 
oxygen concentration to increase. As shown in Fig.4, 
CO concentration in the exhaust gases remains at a 
low level when φ≤0.95 and Xoxy≤35% while the CO 

concentration increases sharply when φ>0.95 and 
Xoxy>35% due to the uncompleted combustion of 
methane. From the fuel saving aspect, oxy-fuel 
burners should be run with an equivalence ratio of 
less than 0.95, which is shown in Fig.4a, because the 
amount of CO concentration is at a low level under 
these conditions. A higher temperature level can be 
obtained when the oxygen concentration in the oxi-
dizer increases, which is shown in Fig.2a, yet an too 
large oxygen concentration will cause a mass of CO 
as shown in Fig.4b. So an oxy-fuel burner like the one 
used in this work should be operated with an oxygen 
concentration not larger than 30%.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5 shows the comparison of NOx concentra-
tion between oxy-fuel combustions and reference 
cases. No nitric oxide is produced in oxy-fuel com-
bustions because no nitrogen participates in the reac-
tion process, whereas the NOx concentration increases 
sharply with the oxygen concentration in the oxidizer 
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Fig.3  Comparison of temperature level between CH4/
CO2/O2 flames and CH4/N2/O2 flames with methane flow
rates of 31.7 ml/s 

Fig.4  Measured concentrations of unburned oxygen and
carbon monoxide in the oxy-fuel flames. (a) Different
equivalence ratios while Xoxy=30%, oxygen flow rate is
66.7 ml/s, and carbon dioxide flow rate is 123.8 ml/s; (b)
Different oxygen concentrations while φ=0.95, methane
flow rate is 31.7 ml/s, and oxygen flow rate is 66.7 ml/s
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in reference flames. Apart from the original purpose 
of recovering the greenhouse gas CO2, oxy-fuel 
combustion technology provides a good solution for 
the NOx-free energy conversion process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Combustion instability 

Fig.6 illustrates the oscillating pressure wave-
forms of both oxy-fuel combustions and reference 
cases with φ=0.95 and a methane flow rate of 31.7 
ml/s. Combustion instability is excited both in the 
oxy-fuel combustions and reference cases with 
Xoxy=25%. The oscillating pressure waves in these 
cases fluctuate arbitrarily and in disorder. Spectrum 
analysis was carried out, and results will be discussed 
in the following paragraph. It is very interesting to 
find that the fluctuating pressure waves in the refer-
ence case with Xoxy=30% disappear as shown in 
Fig.6b, accomplished by a heavily sooting flame, 
whereas the situation for the oxy-fuel case with 
similar oxygen concentration is not the same. The 
oscillating pressure is amplified into larger amplitude 
fluctuations compared to that in the Xoxy=25% 
oxy-fuel case. The phenomenon was not reported 
previously and needs further study. The soot in the 
reference case with Xoxy=30% participates in the ra-
diation heat transfer, causing a higher temperature 
level in the whole combustion chamber, as shown in 
Fig.3. Previous experimental study (Brookes and 
Moss, 1999) revealed that the radiation emission in 
sooting methane flames is stronger than that in 
non-sooting methane flames, and the radiation inten-
sity caused by soot particles is larger than that caused 
by CO2 and H2O when the mean soot volume fraction 
is larger than 4.0×10−8. In future works, the mean soot 
volume fraction and the diameter distribution of soot 

particles should be measured. Repeated experiments 
were carried out carefully to confirm that the critical 
oxygen concentration for reference sooting flames is 
approximate 28.6% for the combustor in this work. It 
is not certain whether or not the soot suppresses the 
self-excited oscillating pressure waves inside the 
combustion chamber. The two-phase gas-soot fluid 
produced in the reference case with Xoxy=30% may 
absorb the fluctuations excited by the unsteady 
combustion of methane, yet no proofs were measured 
in this study. Previous experimental study (Saito et al., 
1998) showed that soot could be suppressed by forc-
ing acoustic oscillations with the appropriate acoustic 
amplitude and frequency. Further study should be 
carried out in the future to investigate changes in the 
behavior of a self-excited oscillating flame due to the 
presence of soot. As shown in Fig.6, the oscillating 
pressure amplitude in the oxy-fuel cases increases 
with the increasing oxygen concentration in the oxi-
dizer, showing a temporal amplitude larger than 200 
Pa, which corresponds to the amplitude excited in 
some 150 MW gas turbines (Hobson et al., 2000). 
This change law is caused by the higher temperature 
level in the oxy-fuel cases with a higher oxygen 
content, especially the zone near the injector exit, 
which is shown in Fig.2a. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

400

300

200

100

0
20             25             30            35             40

N
itr

ic
 o

xi
de

 (×
10

−6
) 

Oxygen concentration (vol.%) 
Fig.5  Comparison of the concentration of nitric oxide
between CH4/CO2/O2 flames and CH4/N2/O2 flames with
methane flow rates of 31.7 ml/s 

CO2/O2 
N2/O2 

 
 

 

 

 

 

200

100

0

−100

−200

Pr
es

su
re

 (P
a)

 

 (a) O2/CO2 
O2/N2 

200

100

0

−100

−200
0                  0.02                0.04               0.06 

Pr
es

su
re

 (P
a)

 

Time (s) 

 (b) O2/CO2 
O2/N2 

Fig.6 Oscillating pressure waveforms of cases with
φ=0.95 and methane flow rates of 31.7 ml/s. (a)
Xoxy=25%; (b) Xoxy=30% 



Li et al. / J Zhejiang Univ Sci A  2008 9(11):1582-1589 1588

Spectrum analysis of the oxy-fuel case with 
Xoxy=30% and a methane flow rate of 31.7 ml/s is 
shown in Fig.7. Also as shown in Fig.7, six continuous 
data blocks with fast Fourier transform (FFT) size of 
2048 were used to be processed for detailed informa-
tion in the time coordinate. This idea is similar to the 
theory adopted by the joint-time-frequency analysis 
(JTFA) method (Qian and Chen, 1999). These results 
are shown in Figs.7a and 7b, while Fig.7c shows a 
whole FFT analysis of continuous 128000 data points. 
It is noted that the whole FFT analysis gives a much 
lower amplitude of the pressure waves, e.g., about 7 
Pa (111 dB, reference pressure is 2×10−5 Pa) at posi-
tion of 200 Hz, whereas the short time (0.08 s) FFT 
result gives a much larger fluctuating amplitude, e.g., 
above 40 Pa (126 dB) at position of 125 Hz in the 
FFT1 analysis as shown in Fig.7a. This finding reveals 
the fact that the oscillating pressure in the 
swirl-stabilized combustor studied in this work is 
time-varying and frequency-varying pressure wave-
forms, but FFT takes all the signals to be time-varying 
and frequency-constant signals. As a consequence, the 
sound energy sprays out in a wide frequency range of 
50~250 Hz, as shown in Fig.7. Therefore, the whole 
FFT analysis gives an amplitude not larger than 8 Pa. 
Some main peaks include 88 Hz, 125 Hz, 175 Hz and 
200 Hz, some of which arise in one short time FFT 
result or another, and all these short time FFT results 
are superimposed to give a similar result to that of the 
whole FFT analysis. In future studies on the combus-
tion instability in swirl-stabilized combustors, JTFA is 
recommended to detect the information in both the 
time and frequency spaces. 
 
 
CONCLUSION 

 
Oxy-fuel combustions have been studied in a 

swirl-stabilized combustor with a swirl number of 
about 0.4. Various experimental cases have been ex-
plored, and necessary reference cases (CH4/N2/O2 
flames) were covered. Some concluding remarks can 
be made as follows. 

(1) The combustion delay in oxy-fuel combus-
tions is mainly controlled by the oxygen concentration 
in the oxidant stream. The equivalence ratio makes a 
minor contribution to the combustion delay, whereas 
the combustion power is found to have no impact. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(2) Carbon monoxide was vastly produced when 
Xoxy>35% or φ>0.95 in oxy-fuel flames. No nitric 
oxide in the exhaust gases was found since no nitrogen 
participates in the combustion process, whereas the 
concentration of nitric oxide increases sharply with the 
same oxygen concentration in CH4/N2/O2 flames. 

(3) The feature of combustion instability in 
oxy-fuel combustions is very different from that in the 
reference cases with similar oxygen concentration, 
e.g., pressure fluctuations disappeared in the reference 
cases when Xoxy>28.6% accomplished with a heavily 
sooting flame which was not found in oxy-fuel com-
bustions. Spectrum analysis shows that the oscillating 
frequency exhibits randomness in the range of 50~250 
Hz, indicating that the sound energy sprays out in a 
wide frequency range which results in a very small 
resultant amplitude (less than 8 Pa). In future studies 

Fig.7  Spectrum analysis of the oxy-fuel case with
Xoxy=30% and methane flow rates of 31.7 ml/s. (a) and (b)
Results of 6 continuous data blocks with FFT size of 2048;
(c) Result of continuous 128000 data points 
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on combustion instability in swirl-stabilized combus-
tors, JTFA is recommended to detect the information 
in both the time and frequency spaces. 
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