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Abstract Flame structures of turbulent premixed flames in a noise-controlled, swirl-stabilized combustor
are investigated to clarify the mechanism of combustion noise reduction by the secondary fuel injection. In
the re-circulation zone and the flame zone, planar laser induced fluorescence (PLIF) is conducted for several
cases with different secondary fuel injection. Comparisons with the no control case show that fluctuation of
high-temperature gas in the re-circulation zone is suppressed by secondary fuel injection and is slightly
affected by the frequency of the secondary fuel injection. These results suggest that the secondary fuel
injection works for control of the Reynolds stress term and entropy term due to the turbulent energy
dissipation in the acoustic sound source. In the flame zone, effects of the injection frequency become clear
by introducing probability of the flame existence. As for the no control case, very wide flame brush, which
means the large fluctuation of the entropy term in the sound source, are created in the flame zone. However,
the flame brush becomes thin and is confined to a narrow space for the secondary fuel injection cases. The
investigated combustor gives minimum sound level at a relevant fuel injection frequency which is very low
compared with the natural acoustic mode of the combustor. At the relevant frequency, the flame brush
becomes very thin. These suppressions correspond to the reduction of spatial and temporal fluctuation of
the sound source. To investigate effects of frequency of the secondary fuel injection, 3D flame structures
are reconstructed from OH PLIF measurement obtained on multiple planes. The reconstructed 3D flame
structure shows that flame front dynamics are well controlled by the secondary fuel injection.

1. Introduction
To realize high efficiency and low emission gas turbines, lean premixed combustion with high inlet
temperature is considered to be a strong candidate. However, the lean premixed combustion may
induce combustion oscillations or instabilities which generate combustion noise and damage the
combustor system. The reductions of the combustion noise and oscillation will lead to the
development of high-efficiency low-emission combustors. Therefore, a number of studies have
been conducted to clarify the mechanism of the combustion instabilities and to develop the control
strategies of combustion oscillation (Gulati and Mani 1992, Samaniego et al. 1993, Sivasegaram et
al. 1995, Paschereit et al. 1999, Broda et al. 1998, Blonbou et al. 2000, Lieuwen and Zinn 2000,
Benedetto et al. 2002). It has been considered that most of combustion oscillations or instabilities
are caused by the feedback interaction between natural acoustic modes of combustor and oscillation
of heat release rate (Rayleigh 1945). According to Rayleigh (1945), one may easily control
combustion oscillations by simply introducing an energy source out of phase with fluctuation of
heat release rate. However, successful control strategies depend on the combustion conditions or
combustors (Gulati and Mani 1992, Sivasegaram et al. 1995, Blonbou et al. 2000). Therefore, a
detailed understanding of the combustion oscillation and instability mechanism is necessary for an
effective and robust active control of combustion. To obtain important factors for control of
combustion oscillations, several experimental studies have been conducted for flame-acoustic
interactions in unstable combustors using phase-locked measurements (Samaniego et al. 1995,
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Broda et al. 1998). Quantitative measurements of the flame response to acoustic perturbations
have also been conducted (Poinsot et al. 1986, Harper et al. 2001). However, these results are
significantly influenced by combustion system.
Recently, effects of secondary fuel injection location on the effectiveness of active combustion
control were studied in a laboratory-scale dump combustor at atmospheric pressure (Lee et al. 2000).
Hong et al. (2002) have conducted experiments to evaluate the control law under the wide-range
operation of a generic combustor using secondary fuel injection. Combustion control by the
secondary fuel injection has two advantages; one is that successful combustion control is possible
using considerably small amount of energy and the second is that it reduces the actuator
requirements. From these advantages, the secondary fuel injection method is desirable to suppress
pressure fluctuations and to prevent lean blowout of the flame. On the other hand, an optimum
design has been required to minimize the amount of secondary fuel because it had been considered
that secondary fuel injections might increase the formation of nitric oxide.
Sound generation mechanism in turbulent reactive flows has been investigated by direct numerical
simulation (Li et al. 2000). It has been suggested that the key point to develop control scheme of
combustion noise is how to suppress the fluctuations of heat release rate and how to control the fine
scale eddies of turbulence which have a close relation with turbulent energy dissipation rate and
Reynolds stress in the acoustic source terms. In our previous study (Choi et al. 2005), local flame
structure and its relation to combustion noise has been investigated by using simultaneous OH and
CH PLIF. Due to the modification of local flame structure by the secondary fuel injection,
combustion noise and NOx emission can be reduced. Furthermore, by controlling injection
frequency, combustion noise is minimized (Tanahashi et al. 2004). It is worth to note that the
optimum frequency is much lower than the natural acoustic mode of the combustor (Tanahashi et al.
2004).
In this study, OH and CH PLIF have been conducted in a swirl-stabilized combustor which is
controlled by the secondary fuel injection. From detailed analysis of the PLIF results,
contributions of the re-circulation zone and flame brush for the combustion noise are clarified in the
viewpoint of the sound source. Furthermore, three-dimensional flame structures are reconstructed
from PLIF results on the multiple planes to show the sound source modification by the frequency
control of the secondary fuel injection.

2. Experimental method
2.1. Experimental apparatus
In this study, a swirl-stabilized combustor which has been investigated in our previous works
(Tanahashi et al. 2004, Choi et al. 2005) is used. Figure 1 shows the schematic of the swirlstabilized combustor and details of secondary fuel injection nozzle (Choi et al. 2005). This
combustion rig consists of a contraction section, a swirl nozzle section and a combustion chamber.
The inner diameter is reduced to 40mm from 120mm in the contraction section. The swirl nozzle
of 40mm inner diameter was mounted on contraction section. The inner cross-section of
combustion chamber was 120mm×120mm, and the outlet of combustion chamber was contracted to
60mm×60mm. The total length of the chamber was 590mm. On each side of combustion
chamber, a silica glass plate of 120mm×170mm and 5mm thickness was installed to allow optical
access. The swirl injector has swirl vanes of 14mm inner diameter and 40mm outer diameter,
inclined 45 degrees from the nozzle axis. The secondary fuel nozzle was mounted at the center of
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Fig. 1 Schematics of the swirl-stabilized combustor and details of swirler and secondary fuel nozzle.

the swirl vanes and has 8 injection holes (ID = 0.6mm) inclined 45 degrees from the mainstream
direction. The methane-air premixed gas passes through the swirl vanes and the flame was
stabilized at the swirl vanes.
2.2. Characteristics of the swirl-stabilized combustor
The characteristics of the present combustor have been reported for no-control and continuous
secondary fuel injection in Choi et al. (2005) and for intermittent secondary injections in Tanahashi
et al. (2004). Here, important characteristics are summarized briefly. It has been reported that
secondary pure fuel injection suppresses pressure fluctuation and reduces combustion noise without
the increase of emission index of NOx. The largest noise reduction was observed with the
condition that the secondary pure fuel flow rate (Qsf) is 1% of flow rate of the main stream (Qm)
(Choi et al. 2005). Dilutions of the secondary fuel lead to lower effects for the noise reduction.
By adding continuous secondary fuel injection (1%), noise is decreased about 15dB compared with
that generated in the similar equivalence ratio without secondary fuel injection. If the secondary
fuel is injected intermittently with appropriate frequency of 40Hz, the combustion noise is further
reduced about 5dB (Tanahashi et al. 2004). Note that the noise level increases again if the
secondary fuel injection frequency exceeds 40Hz. The peak frequency of the pressure fluctuation
in the combustor and noise is from 120Hz to 140Hz. Therefore, the appropriate frequency of the
secondary fuel injection for noise reduction is lower than those peak frequencies and seems to
coincide with the beating frequency observed in the pressure fluctuation (Choi et al. 2005).
2.3. PLIF system
In this study, two independent laser diagnostic systems are adopted to measure the flame structure
in the swirl-stabilized combustor as shown in Fig. 2. One is simultaneous CH-OH PLIF and
stereoscopic PIV system which has been developed in our previous study (Tanahashi et al. 2005).
This system is mainly used to investigate the detailed structure in the re-circulation zone and the
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Fig. 2 Experimental apparatus of OH PLIF measurement.
flame zone. Another is simple OH-PLIF system which consists of an Nd-YAG laser (Continuum,
Powerlite 9030, 532nm, 300mJ/pulse) and a dye laser (Lamda Physic, Scanmate2), and generates
laser pulses of about 9mJ/pulse with 8-15ns pulse width. The Nd-YAG laser pumps dye laser
system at 282.93nm with Rhodamine 590 dye in methanol solvent. The fluorescence from the AX(1,0) and (0,0) bands (306-320nm) was collected with a UV-Nikkor 105mm/F4.5 lens and imaged
onto an intensified CCD camera (Andor Technology, iStar DH734-25U-03, 1024×1024pixels).
This camera, which is located at right angle to laser sheet, is fitted with WG305 and UG-11 filters
to reject incident light.
For each PLIF, the laser beam is shaped into 200µm thick vertical sheet with 30mm height. The
former PLIF system affords a view field of 24.0mm×24.0mm with a resolution of 23µm/pixel
(Tanahashi et al. 2005), and the latter does a view field of 51.2mm×51.2mm with a resolution of
50µm/pixel. To increase signal-to-noise ratio, all measurements were conducted with an image
intensifier gate time of 30ns; this value was determined by preliminary experiments with various
gate timings. Secondary fuel injection is controlled by a valve controller. By implementing a
pulse generator (Stanford Research Systems, DG535) and an arbitrary function generator
(SONY/Tektronix, AFG320), the timing of lasers, cameras and secondary fuel injection valve is
synchronized.
2.4. Experimental conditions
In this study, the flow rate of the main methane-air mixture (Qm) is selected to 300l/min to all cases.
As for the cases with the secondary fuel injection, pure methane is used for the secondary fuel and
the flow rate of the secondary fuel injection (Qsf) is set to 1% of Qm. As a reference case, no
control case with φ = 0.717 is selected. As for the secondary fuel injection, frequencies of the
injection are changed as continuous, 10Hz, 40Hz and 70Hz. The combustion noise level is 100dB
for continuous case, 98dB for 10Hz, 95dB for 40Hz and 104dB for 70Hz. The total equivalence
ratio is 0.819 for these cases.
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Fig. 3 Long-time exposure photograph of methane-air turbulent premixed flame for Qm = 300l/min,
Qsf = 1% and total φ = 0.819.

Figure 3 shows a long-time exposure photograph of the methane-air turbulent premixed flame
controlled by continuous secondary fuel injection for Qm = 300 l/min and total equivalence ratio φ =
0.819. To investigate flame structures of the noise-controlled combustor, re-circulation zone and
flame zone are investigated by the simultaneous CH and OH PLIF system in detail. The
measurement regions are shown by red boxes in Fig. 3. Lower box denotes the re-circulation zone
and upper one does the flame zone. Furthermore, for the investigation of three-dimensional flame
structure, OH PLIF measurements are conducted in extended measurement regions. White boxes
in Fig. 3 represent the extended measurement regions on the centerline of the swirl exit. Note that
one of the secondary fuel injection holes is adjusted on the centerline. The size of each
measurement region is 51.2mm×30.0mm and two measurement regions are overlapped with 2.5mm
which corresponds to 50 pixels. To reconstruct three-dimensional structure, the measured plane is
moved into the edge of the combustor with distance of 4mm. Total number of the measured plane
is 25 across the plane on the centerline.

3. Structure of the re-circulation zone
In Fig. 4, OH distributions obtained in the re-circulation zone are shown for no control case and
continuous secondary fuel injection case. OH images obtained from different realizations are
shown for each case. In case without the secondary fuel injection, OH has large fluctuation in
space and time. However, by applying continuous secondary fuel injection, spatial and temporal
fluctuation of OH signals is reduced. In this study, PLIF measurements for the intermittent
injection cases are conducted by locking with 8 phases of the control signals for the valve of the
secondary fuel injection. The obtained OH PLIF images slightly depend on the phase of the
injection and the injection frequency, and coincide with those of the continuous injection case.
Since CH PLIF signals in this region are quite low for all cases, the secondary fuel does not burn as
a diffusion flame, which results in a low emission index shown in our previous studies (Tanahashi
et al. 2004, Choi et al. 2005). Note that CH signals in the flame zone is very high as shown in our
previous work (Choi et al. 2005). Therefore, the secondary fuel injection reduces the spatial and
temporal fluctuations of the high temperature gas in the re-circulation zone, which is independent of
the injection frequency. This mechanism leads to the noise reduction of about 15dB in the present
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Fig. 4 Distribution of OH radicals in the re-circulation zone for no control case (a), continuous
secondary fuel injection case (b).
case. These results suggest that the secondary fuel injection suppresses turbulent fluctuation in the
re-circulation zone and reduces Reynolds stress term and entropy term due to turbulent energy
dissipation in a viewpoint of the sound source.

4. Structure of the flame zone
In the left side of Fig. 5, OH distribution in the flame zone is shown for the no control case and the
continuous secondary fuel injection case. The results of simultaneous CH and OH PLIF in this
region have been reported in our previous study (Tanahashi et al. 2005). OH radicals for the no
control case show very complicated distribution, whereas those for the continuous secondary fuel
injection case show relatively low fluctuation. In this study, mean progress variable is evaluated
from OH images. By setting threshold for each OH image, a progress variable c is estimated.
The obtained c distribution is averaged over more than 100 realizations. The mean distribution of
the progress variable c can be interpreted that flame front exists 50% for c = 0.5, 30% in the
unburnt side c = 0.3 and 30% in the burnt side for c = 0.7. Therefore, c means probability of
flame existence in the turbulent premixed flame.
In the right side of Fig. 5, probability distribution of flame front existence is shown by color.
Black means zero probability and unburnt gas always exist, and yellow also means zero probability
and burnt gas always exist. The region with red represents active flame zone (flame brush).
Three solid lines in Fig. 5 represent 30% flame front existence in the unburnt side, 50% and 30%
flame front existence in the burnt side, respectively. Figure 5 suggests that the secondary fuel
changes local flame structure in the flame zones. For the no control case, flame fronts have large
spatial and temporal fluctuations (flame brush is very wide). However, for the continuous
secondary fuel injection case, fluctuation of flame fronts is restricted to the relatively narrow region
(flame brush becomes thin).
Figure 6 shows probability of existence of flame front for continuous and intermittent secondary
fuel injection cases. Note that probability for the intermittent injection cases is averaged over all
phases of the injection. By controlling the frequency of the injection, the width of the flame brush
becomes thinner and is confined to narrower space than that of continuous secondary fuel injection
case. At the relevant frequency of 40Hz, the fluctuation of the flame front is suppressed extremely.
Since the width of the flame brush represents fluctuation of the heat release rate in space and time,
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Fig. 5 Distribution of OH radicals in the flame zone (left) and probability of existence of flame
front (right) for no control case (a) and continuous secondary fuel injection case (b).

Fig. 6 Probability of existence of flame front for continuous secondary fuel injection case (a) and
intermittent secondary fuel injection cases at 10Hz (b), 40Hz (c), 70Hz (d).
these behaviors of the flame brush correspond to the control of the sound source, especially entropy
term. Due to this mechanism, the combustion noise is further reduced by 5dB for the present
combustor.

5. Three-dimensional flame structure
From the results obtained in 25 different planes, three-dimensional flame structure is reconstructed
by considering symmetry of the combustor as follows;
1, On each plane, probability distribution of the flame front c is evaluated by combining 100
OH images obtained in two measurement regions (white boxes in Fig. 3).
2, The results in 13 planes in one side including the center plane are rotated 90 degrees and
overlapped with the rest 13 planes.
3, The probability at the internal points is evaluated by solving Laplace equations, where the
measured results surrounding the internal region (at 80×80 points) are used for boundary
conditions of the Laplace equation.
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(a)

(b)

(c)

Fig. 7 Three-dimensional distribution of probability of flame front existence (30% in unburnt side,
50% and 30% in burnt side from the left) for no control case (a), continuous secondary fuel
injection case (b) and intermittent secondary fuel injection case at 40Hz (c).
Since three-dimensional probability distribution in a quarter of the combustor is given by the above
procedure, that in the all domain is constructed from the symmetry again.
The reconstructed three-dimensional structure is shown in Fig. 7 for no control, continuous
injection and 40Hz injection cases. The contour surfaces represent 30% probability of flame
existence in unburnt side, 50% and 30% in burnt side, and a white box denotes a quarter of the
reconstructed region (48mm×48mm×57.5mm). As for the 40Hz injection case, probability is
evaluated from the results at 8 phases of the injection using 800 images (100 images for each phase).
Figure 7 suggests that the three-dimensional structure of the flame is significantly affected by the
secondary fuel injection. Near the inlet, the 50% region is tight and expands drastically in the
downstream for the no control case. Note that this slender neck near the inlet does not mean the
stability of the re-circulation zone. As shown in Fig. 4, fluctuation of the high-temperature fluid in
the re-circulation zone is high for the no control case, which results in the fact that contour surfaces
-8-

13th Int Symp on Applications of Laser Techniques to Fluid Mechanics
Lisbon, Portugal, 26-29 June, 2006

Fig. 8 Dynamics of the flame structure for the case of 40Hz injection. Measurements are phaselocked with control signal for the secondary fuel injection.
of three probabilities have different shapes. Compared with no control case, contour surfaces of
three probabilities are similar shapes for secondary fuel injection cases, which means that secondary
fuel injection suppresses the fluctuation of high-temperature fluid in re-circulation zone. In the
flame zone, the fluctuation of flame front is high for no control case (flame brush is wide). For the
secondary fuel injection cases, the flame zone spreads into the outside and flame brush becomes
thin. The regions with the flame front are pushed up by the jets of the secondary fuel, and no
flame regions intrude into the downstream. The three-dimensional structure for these cases reflect
effects of the secondary fuel clearly. As shown in Fig. 5, the expansion of the 50% area does not
mean the increase of the flame front fluctuation. Compared with the continuous injection case, the
flame brush for the 40Hz injection case is more localized.
Figure 8 shows three-dimensional structure obtained for 8 phases of the fuel injection at 40Hz.
The edge of the 50% region near the inlet is moving up and down in accordance with the secondary
fuel injection. Although the secondary fuel is injected intermittently, the no flame regions, which
intruded, which intrude downstream remain in the flame zone. Compared with the different
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frequency cases (not shown here), the shape of the flame brush is independent of the injection phase
and the fluctuation is most suppressed for 40Hz injection case. For other injection frequency cases,
the secondary fuel injection makes self-induced fluctuation of the flame front.

6. Conclusions
To investigate the mechanism of combustion noise reduction by secondary fuel injection, PLIF
measurements have been conducted for the methane-air turbulent premixed flames in a noisecontrolled, swirl-stabilized combustor.
The structures both in the re-circulation zone and the flame zone are investigated and probability of
the flame front existence is evaluated from OH PLIF. The secondary fuel injection suppresses the
fluctuation of the high temperature gas in the re-circulation zone, which is independent of the
injection frequency. These results suggest that the secondary fuel injection suppresses Reynolds
stress term and entropy term due to the turbulent energy dissipation in the acoustic sound source.
The frequency control of the secondary fuel injection reduces the spatial and temporal fluctuation of
the flame fronts in the flame zone (or flame brush). At a relevant control frequency (in this case
40Hz), the flame brush becomes thinner and is confined to narrower space. This suppression
corresponds to the reduction of spatial and temporal fluctuation of sound source. The revealed
mechanism of the combustion noise reduction will be applied for lots of combustors in engineering
applications.
In addition to fundamental characteristics such as sound level, pressure fluctuation, NOx emission
which have been reported by previous studies (Tanahashi et al. 2004, Choi et al. 2005), threedimensional flame structure and those dynamics are provided. The reconstructed threedimensional flame structure shows that flame front dynamics are well corrected with the secondary
fuel injection. These information are very useful to give a reference experimental data for
validation of numerical simulations, especially large eddy simulation, of turbulent combustion.
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