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INTRODUCTION

ABSTRACT
The effects of the laminar burning velocity (SL ), on the transfer functions of propane-air and methane-air swirl flames is experimentally investigated. Five equivalence ratios for each fuel
are selected, to yield different values of SL . The flame transfer function (FTF), is obtained by comparing the velocity fluctuations of the incoming flow, measured with a hot wire, to
the heat release rate oscillations, collecting OH∗ chemiluminescence with a photomultiplier tube. Phase-locked images of OH∗
chemiluminescence are also acquired to analyze the flame dynamics during the forcing cycle. The unforced velocity fields are
measured by particle image velocimetry to assess the effects of
SL on the flow fields. Changing the laminar burning velocity affects mainly the gain around 176 Hz and 336 Hz. This paper focuses on 336 Hz. The flame vortex roll-up is recognized as a key
parameter controlling the gain of the FTF around 336 Hz. The
analysis highlights that SL influences the gain response around
336 Hz in two competing ways: first, it enhances the flame vortex roll-up and second, it affects the stabilization distance of the
flame, which influences the vortex generated by acoustic forcing.
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Thermoacoustic instabilities are a major problem for gas turbines operating in premixed lean conditions. These instabilities
result from the coupling between the unsteady heat release from
the flame and the acoustic modes of the combustor. This interaction can be very detrimental for the gas turbine and it can even
lead to structural failure of the system [1, 2]. Therefore, it is important to understand the response of the flame to acoustic perturbations. This is often done using the flame transfer function
(FTF) formalism. For premixed flames, the FTF relates the heat
release rate fluctuations from the flame to the velocity oscillations of the incoming flow [3, 4]. Since it is very expensive to
perform simulations or experiments for every operating condition of a gas turbine, simple relations with parameters that are
easy to measure need to be defined, in order to predict the FTF
at a given operative point. Flame base angle and flame length are
examples of parameters that have been used in previous studies
to predict FTF [5, 6]. Therefore, analyzing how different parameters affect the FTF is of interest.
The dynamics of premixed swirl flames subjected to acoustic forcing is qualitatively well understood. The interaction between the fluctuations of the swirl number and the flame vortex
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roll-up controls the response of the flame [4, 6–8]. Typically, the
FTF gain features a local minimum followed by a local maximum. At the frequency f1 for which swirl number fluctuations
are largest, the FTF gain is locally minimal. At frequency f2
for which the flame vortex roll-up is the most intense, the FTF
gain shows a maximum. For some configurations, the gain of
the FTF shows an additional local maximum at a frequency of
around two times f1 . The phase of the FTF is generally linearly
proportional to the forcing frequency [4, 8]. It is interesting to
investigate the parameters controlling the flame vortex roll-up
(FVR) mechanism since it has been recognized as a fundamental phenomenon controlling the flame motion at the frequency
at which the gain of the FTF shows its local maximum [4, 8, 9].
There have been previous studies that dealt with the investigation
of the effects of parameters, such as equivalence ratio [10, 11]
and pressure [12–14], on the flame response. Bellows et al. [10]
showed that the flame response to acoustic forcing, in terms of
CH∗ emissions from the flame, increases when the equivalence
ratio, φ , is increased. They also pointed out that the forcing amplitude at which the FTF gain saturates also increases with φ .
Similarly, Kim et al. [11] showed that increasing the equivalence
ratio at a fixed forcing frequency yields an increase of FTF gain.
They explained that this trend could be generalized in terms of
the ratio of the relative length of the flame to convection length
scale of the velocity perturbation. Even if these studies gave a
useful insight into the effects of such parameters on the flame
response, they did not fully investigate their effects on the FVR
mechanism.
On the other hand, several studies analyzed the interaction
between the flame and the acoustically generated vortex that
leads to the FVR [8,15]. Bunce et al. [8] discussed the interaction
between the fluctuations of the base of the flame and the acoustically generated vortex (AGV). They suggested that, when the
flame oscillates close to the shear layer where the AGV is shed,
the temperature rise in that region weakens the acoustically generated vortex, and consequently the FVR. Oberleithner et al. [15]
analyzed the stability of the shear layer where the AGV is shed
for different values of forcing amplitude. They observed that the
receptivity of the shear layer defines the size of the acoustically
generated vortex and consequently the response of the flame to
acoustic forcing. However, these two studies did not analyze
the effects of parameters such as SL on the FVR phenomenon.
More recently, Gatti et al. [16, 17] investigated the influence of
swirl intensity and central bluff body on the FTF. They observed
that the strength of the AGV defines the response of the flame.
This strength is influenced by the forcing frequency, the swirl
intensity, and the presence of the central bluff body. Since they
performed the characterization of the AGV in cold flow configuration only (without the flame), no information about the interaction between flame parameters, such as SL , and the acoustically generated vortex are available. Finally, Gaudron et al. [18]
identified several parameters, like Lewis number, flame thick-

ness, and laminar burning velocity, that control the response of
premixed laminar flames to acoustic forcing. Similarly, it would
be interesting to asses the effect of flame properties, such as SL ,
on the transfer function of premixed swirl flames. This is the
purpose of the present study.
The main objective is to investigate the influence of the laminar burning velocity on the response of swirl flames to acoustic
forcing. Precisely, the influence of SL on the FVR mechanism
and consequently on the gain of the FTF is analyzed at the forcing frequency of 336 Hz, which corresponds to a local maximum
of the gain.

EXPERIMENTAL SETUP AND PROCEDURE
In this section, the experimental setup and procedure, as well
as the diagnostics used for the analysis of the flame dynamics and
the velocity fields, are presented.

Swirl-stabilized burner
A schematic of the burner is presented in Fig. 1, while its
detailed description can be found in [9, 19]. The flow of air and
fuel are controlled by thermal mass flow meters (Brooks SLA 58
Series), and mixed 2 meters (more than 200 diameters), upstream
of a 120 mm long plenum to ensure a perfect mixing. After being
injected in the plenum, the combustible mixture flows through a
honeycomb and a perforated plate to break up the large turbulent
structures. Then, the mixture flows through a radial swirler that
features a measured swirl number of 0.39 [20, 21]. Afterward,
the mixture is injected in the combustion section of the burner
through an 18-mm injector tube that includes a central rod of
2.5 mm diameter. The combustion section of the burner is confined by a 100-mm long quartz tube with an inner diameter of
70 mm.
A 900 W loudspeaker (Beyma 10LW30/N), installed at the
bottom of the burner and connected to a high fidelity amplifier
(QSC GX5), generates the acoustic forcing needed for this study.
The frequency and the amplitude of the forcing signal are controlled by a signal generator (NF WF1973), connected to the amplifier.

Experimental conditions
Five equivalence ratios for two fuels, methane and propane,
are considered in this study. The equivalence ratio, thermal
power (Pth ), average bulk velocity (V̄bulk ), Reynolds number
(Re), laminar burning velocity, and adiabatic flame temperature
(Tad ), of these ten flames are summarized in Table 1. Direct visualization of the corresponding flames is shown in Fig. 2.
2
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Quartz tube
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The values of the laminar burning velocity are evaluated using Cantera [22] for a freely propagating flame with an initial
temperature of 300 K using the USC-II mechanism [23] and a
mixture-averaged mass diffusion model. Then, the calculated
values of SL from Cantera are averaged with the values extrapolated from [24–29]. Since the propane flames feature a Lewis
number different from unity (Le = 1.89), the unstretched laminar burning velocity, presented in Table 1, could be affected by
the local curvature of the flame. However, it has been shown
in [30, 31] that for the range of forcing frequencies considered
in this work, the non-unity Lewis number effects on the laminar
burning velocity are negligible. Therefore, differential-diffusion
effects are ignored for the remaining analysis and the local burning velocity will be considered as equal to the unstretched laminar burning velocity SL , presented in Table 1.
To have a meaningful comparison between the ten flames,
the experimental conditions are chosen to exhibit the local extrema of the gain of the FTF around the same frequencies. This
is obtained by adjusting the average bulk velocity of the flows.
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Diagnostics
The fluctuations of the global heat release rate from the
flame and the flow velocity oscillations need to be measured to
determine the FTF. The heat release rate fluctuations are determined from the global OH∗ chemiluminescence from the flame
by using a photomultiplier tube (Hamamatsu H10721), equipped
with a 10 nm bandpass filter centered at 310 nm (ZBPA310
ASAHI Spectra Co.). This technique can be used since only
perfectly premixed flames are considered in this study [32, 33].
The flow velocity oscillations are measured with a hot wire probe
(Dantec miniCTA), placed 7 cm from the outlet of the injection
tube, upstream of the swirler. This does not introduce any significant modifications to the FTF for forcing frequencies lower than
1 kHz [34]. An oscilloscope (Agilent Technologies Infiniium 2.5
GHz), is used to record the forcing signal, the photomultiplier
(PMT) signal, and the hot wire signal.
An intensified CCD camera (Princeton Instruments PIMAX), equipped with a UV lens (105 mm Coastal Optics), and
a 10 nm bandpass filter centered at 310 nm (ZBPA310 ASAHI
Spectra Co.), collects OH∗ chemiluminescence that is used to
analyze the flame motion during the forcing cycle. An exposure
time of 200 µs is imposed for all the experimental conditions.
A particle image velocimetry (PIV) system is implemented
to investigate the velocity fields. This system is composed of a
10 Hz dual pulse Nd:YAG laser (Litron Nano L200-15 PIV), and
a 1200x1600 pixels dual frame CCD camera (LaVision Imager
Pro X), equipped with a visible lens (60 mm AF Micro Nikkor),
and a 10 nm bandpass filter centered at 532 nm (LaVision VZ170117). Each laser beam features an average energy per pulse of
26 mJ at 532 nm, and it is converted into a 1 mm thick and 60 mm
high laser sheet using a series of spherical and cylindrical lenses.

Acoustic
wave

Loudspeaker

FIGURE 1. SCHEMATIC OF THE BURNER. ALL DIMENSIONS
ARE IN MILLIMETERS.
TABLE 1.

Fuel

C3 H8

CH4

SUMMARY OF THE EXPERIMENTAL CONDITIONS.

Pth

V̄bulk

(kW)

(m/s)

0.69

4.4

6.5

0.70

4.4

0.74

Re

SL

Tad

(m/s)

(K)

8,000

0.20

1863

6.5

8,000

0.22

1880

4.7

6.5

8,000

0.24

1947

0.79

4.7

6.3

7,600

0.30

2027

0.83

5.0

6.3
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0.32

2087

0.65

3.8

6.4

7,400

0.15

1754

0.67

3.9

6.4

7,400

0.16

1788

0.70

4.0
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7,400

0.19
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FIGURE 2. DIRECT VISUALIZATION OF THE FLAMES CONSIDERED IN THIS STUDY. THE EXPOSURE TIME IS 1.6 s FOR ALL THESE
IMAGES. THE STABILIZATION DISTANCE (d) BETWEEN THE FLAME AND THE NOZZLE TIP IS HIGHLIGHTED.

The axial and radial components of the velocity fields are measured along the central plane of the axisymmetric burner. The
combustible mixture is seeded with titanium dioxide (TiO2 ) particles. A 16x16 pixels final interrogation area and 50% overlap is
imposed to the software (LaVision DaVis 8.4.0), used to process
the data.

uated averaging 800 instantaneous velocity fields. Then, a
5x5 Gaussian smoothing filter is applied. Afterward, the Qcriterion [15, 35] is applied to the field to highlight coherent
flow structures such as the ORZ. The Q-criterion is defined as
Q = 0.5(Ω2 − S2 ), where Ω represents the magnitude of the vorticity tensor and S the shear strain rate. The overall maximum
value of the Q-criterion is also used to normalize the Q-criterion
fields of each flame analyzed in this study.

Experimental procedure
For each experimental condition considered in this study, the
acoustic forcing is started after the flame is stabilized and the
thermal steady state is reached. The frequency of the forcing
signal is increased from 32 Hz to 400 Hz by incremental steps of
16 Hz. The amplitude of the forcing signal is adjusted in order to
maintain a velocity fluctuation equal to 10% of the bulk velocity,
for all frequencies and all the flames considered. This percentage
is chosen as a compromise between a linear response of the flame
and the natural level of turbulence fluctuations (about 5%). At
each analyzed frequency, the hot wire, photomultiplier tube, and
forcing signals are recorded for 10 s.
The flame motion is investigated at the forcing frequency of
336 Hz, that is one of the frequencies at which the gain of the
FTF is highly sensitive to the change in laminar burning velocity. The forcing signal is divided into 10 phases with 36o interval
to collect phase-locked averaged images of OH∗ chemiluminescence from the flame. The phase equal to zero corresponds to
u0 = 0 with ∂∂tu > 0. At each phase of the forcing cycle, a total of 1000 images of OH∗ chemiluminescence are collected and
averaged. Due to the axisymmetric nature of the flame, an Abeldeconvolution technique is also applied.
The average velocity field of the unforced flames is eval-

RESULTS AND DISCUSSION
In this section, the definition of the FTF is first introduced,
together with the trend of its gain and phase for the propane
flames. Then, the behavior of the gain at 336 Hz as a function
of the equivalence ratio and the laminar burning velocity is presented for both fuels. Next, the dynamics of the flames and the
unforced velocity fields are analyzed for different values of SL .
At last, the parameters controlling the gain response at 336 Hz
are discussed and compared with an analysis of the flame response at 176 Hz, which is detailed in another paper [31].

Flame transfer function
The flame transfer function is defined as the ratio of the relative heat release rate fluctuations from the flame over the relative
velocity fluctuations of the flow in the frequency domain ( f ):

F( f ) =
4

Q̇0 ( f )/Q̇
u0 ( f )/u

(1)
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where (·) denotes the mean value of a quantity, and (·)0 denotes
its fluctuation. The FTF can also be expressed in terms of a gain
G and a phase Φ:
F( f ) = G( f )eiΦ( f ) ,

creasing φ , and consequently SL , the gain at 336 Hz increases
linearly for both fuels.
Dynamics of the flame
To better understand the response of the flame to acoustic perturbation of the flow at 336 Hz, the phase-locked Abeldeconvoluted OH∗ chemiluminescence images are reported in
Fig. 5 for propane and in Fig. 6 for methane.
These images are normalized with respect to the maximum
value of OH∗ chemiluminescence intensity considering all the
flames. This normalizing value is kept constant for all the experimental conditions. A 0.4 iso-contour (in black) is superimposed
to the images to ease the visualization of the flame motion. A
previous study from Di Sabatino et al. [9] shows that different
values of the iso-contour do not affect the analysis of the results.
Since the flame vortex roll-up at the tip of the flame is an important mechanism controlling the response of the flame to acoustic
forcing [6, 15, 34, 37–40], the ellipse in white is used to highlight
its maximum size during the forcing cycle. Changing fuel and
equivalence ratio, the maximum size of the ellipse changes. This
is discussed later in this paper. Moreover, a black straight solid
line in Fig. 5 and Fig. 6 divides each image into two regions. A
top region, above the line, that is positioned to include all the effects of the flame vortex roll-up on the response of the flame to
acoustic forcing, and a bottom region below the line. The OH∗
chemiluminescence intensity integrated over each region during
the forcing period is reported in Fig. 7. These signals are normalized with their average value in the same region of the flame
over the whole forcing cycle.
For both fuels, the relative amplitude of the fluctuations of
the bottom region with respect to the top region changes with SL .
More precisely, the amplitude of the fluctuations of both regions
increases with increasing the laminar burning velocity. Moreover, the phase difference between two regions changes with SL .
The fluctuations of the two regions are almost out-of-phase for
the lower values of SL , while they are almost in-phase for the
higher values of laminar burning velocity. This trend is analyzed
in the Discussion section.

(2)

The gain and the phase of the FTF for propane flames with SL
varying from 0.2 to 0.32 m/s are presented in Fig. 3.
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FIGURE 3. FLAME TRANSFER FUNCTIONS FOR PROPANE
FLAMES WITH A FORCING AMPLITUDE OF 10%, FOR DIFFERENT VALUES OF SL (m/s).

They feature the typical trends of swirl stabilized flames.
At low frequencies, the gain approaches one and the phase approaches zero [36]. The gain presents three local maxima at
64 Hz, 176 Hz, 336 Hz, and two local minima at 112 Hz and
256 Hz. This trend is the result of the interaction between the
fluctuations of the base of the flame and the oscillations of the top
region of the flame due to FVR, as described in the introduction
section. The phase increases linearly with the forcing frequency
showing a jump to lower values at around 112 Hz. Increasing the
laminar burning velocity, no shift in the frequency of the local
extrema is observed. However, when SL increases, the gain at
64 Hz and 176 Hz increases first, and then it decreases. In contrast, at 336 Hz, the gain monotonically increases with increasing
laminar burning velocity. No clear trend of the gain at 112 Hz
and 256 Hz is observed changing SL . The phase, at frequencies
lower than 112 Hz, is not affected by the change in laminar burning velocity, while for higher frequencies it decreases with SL .
Similar results are obtained for the methane flames. The effect
of the laminar burning velocity and equivalence ratio on the gain
response at 336 Hz are presented in Fig. 4. It shown that by in-

Velocity fields
The velocity fields of the unforced flames are presented in
Fig. 8. Two equivalence ratios for each fuel are reported as examples.
It is possible to observe the presence of an inner recirculation
zone (IRZ) surrounded by an annular jet (AJ) enclosed by an
outer recirculation zone (ORZ) that are typical of swirl flows.
A 0.5 iso-contour of the Q-criterion is superimposed to the flow
field to highlight the ORZ. For each fuel, it is shown that the
outer recirculation zone reduces its size and it moves upstream
towards the burner plate, when SL is increased. Considering the
propane flames flow field (right side of Fig. 8), the perimeter
5
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FIGURE 4. GAIN RESPONSE AT 336 Hz AS A FUNCTION OF THE EQUIVALENCE RATIO (LEFT) AND LAMINAR BURNING VELOCITY
(RIGHT). THE ERROR BARS REPRESENT THE DISCREPANCY IN THE VALUE OF SL .
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FIGURE 5. PHASE-LOCKED ABEL-DECONVOLUTED OH∗
CHEMILUMINESCENCE IMAGES OF PROPANE FLAMES
FORCED AT 336 Hz.

FIGURE 6. PHASE-LOCKED ABEL-DECONVOLUTED OH∗
CHEMILUMINESCENCE IMAGES OF METHANE FLAMES
FORCED AT 336 Hz.

of the ORZ decreases from around 45 mm for SL =0.22 mm to
35 mm for SL =0.32 mm. Whereas, the distance of center mass of
the ORZ from the combustor dump plate decreases from 27 mm
to 22 mm. A similar trend is observed for methane. This behavior
is discussed in the following section.

Discussion
As shown in [34,40], the magnitude of the response of a premixed swirl flame to acoustic forcing, i.e. the gain of the FTF, is
mainly controlled by the interaction between the fluctuations of
the bottom and top region of the flame. The oscillations of the
bottom region are driven by the fluctuations of the flame base
6
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the gain. If the motion of the bottom region was negligible compared to the top region, a gain equal to zero should result from a
zero value of the FVRmax . In other words, the gain is zero when
the FVRmax is not zero because the motion of the bottom region
of the flame is destructively interfering with the fluctuation of the
top region reducing the global response of the flame to acoustic
forcing. An additional explanation for this non-zero offset could
be that an ellipse of finite perimeter could fit in the thickness
of the turbulent flame brush even if the FVR is not present (see
Fig. 2). This is because the thickness of the turbulent flame brush
is of the same order as the size of the ellipse (see Figs. 5 and 6).
The maximum perimeter of the flame vortex roll-up is plotted as a function of SL in Fig. 10.
It is possible to observe a linear trend between the laminar
burning velocity and the FVRmax for SL < 0.23 m/s. This suggests that, below this threshold value, a higher value of SL increases the ability of the flame to adapt to sudden changes in the
flow field generated by the impinging vortex producing a bigger
flame vortex roll-up. For SL > 0.23 m/s and for each fuel, the
trend between SL and the FVRmax diverges from the linearity,
suggesting that other parameters are also affecting the maximum
perimeter of the FVR. From Fig. 8, it is possible to observe that
for high values of φ , i.e. high values of SL , the velocity field
changes. In particular, the ORZ becomes smaller, and it moves
toward the combustor dump plate. It is reasonable to assume that
the strength of the acoustically generated vortex is affected similarly. To explain this behavior, it is also reasonable to suppose
that the flames that features higher values of laminar burning velocity stabilize closer to the nozzle tip, and consequently closer
to the shear layer where the AGV is shed.
The vertical distance (d) between the flame front and the
nozzle tip (see Fig. 2) as a function of SL is reported in Fig. 11.
This distance is evaluated from the OH∗ chemiluminescence images of the unforced flames. From the same images, the flame
base angle is evaluated, and it is important to underline that it
is constant, 35 ± 2◦ from the burner axis, for all the conditions
investigated. For both fuels, the stabilization distance decreases
rapidly for higher values of laminar burning velocity. However,
propane flames have higher values of SL than methane, but larger
d are measured. This difference in the stabilization of swirl
flames will be investigated in future studies. It has been suggested in [8, 41], that the closer the flame is to the shear layer,
the higher is the temperature rise in that region, and the weaker
is the acoustically generated vortex. As proposed in [8, 42–44]
there are several phenomena that can weaken a vortex: the gas
expansion, the baroclinic generation of vorticity, and the viscous
diffusion. All these mechanisms are enhanced by the increase in
the temperature of the gas due to closer proximity of the flame.
Considering the flames analyzed in this study, when the equivalence ratio is increased beyond a particular value, it is reasonable
to assume that the strength of the AGV starts to decrease due to
the mechanisms explained above. Therefore, the strength of the
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FIGURE 7. EVOLUTION OF THE NORMALIZED OH∗ CHEMILUMINESCENCE OF METHANE (LEFT) AND PROPANE (RIGHT)
FLAMES WITH 10% FORCING AMPLITUDE IN THE TOP AND
BOTTOM REGIONS. THE ERROR BARS REPRESENT THE UNCERTAINTY IN THE DIVISION BETWEEN TOP AND BOTTOM
REGIONS.

angle, generated by the swirl number oscillations, while the fluctuations of the top region are controlled by the flame vortex rollup. From Fig. 7, it is possible to observe that both regions of
the flame are oscillating during the forcing cycle highlighting
that both regions are contributing to the response of the flame
to acoustic forcing at 336 Hz. From Figs. 5 and 6, the maximum
perimeter of the flame vortex roll-up (FVRmax ) can be estimated
as the perimeter of the white ellipse that best fits in the 0.4 isocontour. The value of the gain of the FTF at 336 Hz as a function
of the FVRmax is reported in Fig. 9.
A linear behavior can be observed, highlighting that the
FVR is an important parameter determining the flame response
to acoustic forcing at 336 Hz. On the other hand, it is important
to note that a non-zero value of FVRmax results in a zero value of
7
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FIGURE 10. THE FVRmax AT 336 Hz AS A FUNCTION OF THE
LAMINAR BURNING VELOCITY FOR ALL THE EXPERIMENTAL CONDITIONS ANALYZED IN THIS STUDY. THE VERTICAL
ERROR BARS REPRESENT THE UNCERTAINTY IN DETERMINING THE DIMENSION OF FVRmax . THE HORIZONTAL ERROR
BARS REPRESENT THE DISCREPANCY IN THE VALUE OF SL .
THE DASHED BLUE LINE IS INTERPOLATED CONSIDERING
ONLY THE THREE LOWEST SL OF EACH FUEL.

FIGURE 9. GAIN OF THE FTF AT 336 Hz AS A FUNCTION
OF FVRmax FOR ALL THE CONDITIONS ANALYZED IN THIS
STUDY. THE ERROR BARS REPRESENT THE UNCERTAINTY IN
THE FITTING PROCESS OF THE WHITE ELLIPSE INTO THE ISOCONTOUR OF NORMALIZED OH* CHEMILUMINESCENCE.

flame vortex roll-up is also affected, and consequently the gain
of the FTF at 336 Hz.
An increase in equivalence ratio results in both an increase
in SL and in flame temperature, since only lean flames are considered here. This increase in flame temperature can also enhance the gas expansion and the baroclinic generation of vorticity and, consequently, weaken the AGV. In Fig. 12, the laminar
burning velocity is plotted as a function of the ratio of the adiabatic flame temperature, Tad , to the temperature of the unburnt
gases, Tu = 300 K. Of course, it would have been more accurate

to measure the temperatures of the burnt and fresh gases. In any
case, this coarse analysis shows that SL and Tad /Tu are closely
related, so they can both contribute in weakening the AGV. It is
also interesting to notice that SL has a broader range of variation,
more than a factor of 2, than Tad /Tu , with about 25%. This suggest that the effect of the increase in flame temperature is perhaps
secondary compared to the effect of the increase in laminar burn8
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At 176 Hz, the dynamics of the bottom region of the flame is negligible compared to the top one, which is controlled by the flame
vortex roll-up. For the ten flames considered, the FVR is then
the dominant mechanism controlling the response of the flame at
176 Hz. At this frequency, the effect of SL on the FVR is similar to what is observed at 336 Hz. The capability of the flame to
wrap around the AGV is enhanced with increasing SL , but if SL
becomes too large, the distance between the flame base and the
nozzle tip reduces, resulting in a weaker AGV. Therefore, even
if the trend of the gain is not the same at 176 and 336 Hz, the
conclusions regarding the effect of SL on the FVR hold for both
maximums.
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FIGURE 11. STABILIZATION DISTANCE OF THE UNFORCED
FLAMES AS A FUNCTION OF THE LAMINAR BURNING VELOCITY. THE VERTICAL ERROR BAR REPRESENTS THE UNCERTAINTY IN THE POSITION OF THE FLAME FRONT. THE HORIZONTAL ERROR BAR REPRESENTS THE DISCREPANCY IN THE
VALUE OF SL FROM LITERATURE AND SIMULATIONS.

CONCLUSIONS
The influence of the laminar burning velocity on the transfer function of swirl flames has been investigated. Five different equivalence ratios for both methane and propane fuels have
been investigated. The phase-locked images of OH∗ chemiluminescence have been used to characterize the flame response to
acoustic forcing in terms of flame vortex roll-up. The effect of
SL on the velocity field has also been analyzed using PIV. The
main findings of this study are:

ing velocity. To further assess the relative impact of each of these
two effects on the AGV, it would be necessary to decouple them.

1. For each fuel, modifying SL affects mainly the gain at its local maximums, i.e. at 176 Hz and 336 Hz. Increasing φ , i.e.
increasing SL , the gain response at 336 Hz increases approximately linearly.
2. The flame vortex roll-up has a strong impact on the gain
at 336 Hz. However, the fluctuations of the bottom region
of the flame are still active at this frequency and cannot be
neglected.
3. The maximum size of the FVR scales linearly with the laminar burning velocity, for values of SL lower than a specific
value (0.23 m/s in this study). On the other hand, the trend of
the FVRmax diverges from linearity, for values of SL higher
than this threshold. This could be due to the decrease in the
distance between the flame front and the shear layer region
that weakens the acoustically generated vortex.
4. The increase in equivalence ratio also results in an increase
in flame temperature that can also weaken the AGV. Additional investigations will be necessary to assess the relative
impact of the flame temperature and laminar burning velocity on the stabilization distance and the strength of the AGV.
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FIGURE 12. LAMINAR BURNING VELOCITY AS A FUNCTION
OF Tad /Tu . THE ERROR BARS REPRESENT THE DISCREPANCY
IN THE VALUE OF SL .

Finally, Fig. 3 shows that at 176 Hz the response of the flame
to acoustic forcing is also very sensitive to changes in the burning velocity. At this frequency, the gain of the FTF shows a nonmonotonic trend with increasing SL . A detailed description and
discussion of the results obtained at 176 Hz can be found in [31].
In the present study, a brief summary of the main findings is
given, in order to broaden the discussion conducted for 336 Hz.

Finally, to conclude on a more practical note, this study
shows that for frequencies at which the flame is the most responsive to acoustic perturbations, i.e., at the maximums of the gain,
for a given fuel, an increase in SL generally increases the magnitude of the response, but not always. If the stabilization distance
from the injection nozzle is not changed by SL , then the magnitude of the gain increases. However, if the increase in SL and Tad
9
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is strong enough to decrease the stabilization distance, the properties of the AGV are changed. In this case, depending on the
frequency and the mechanisms controlling the flame dynamics,
the gain can increase (as at 336 Hz in this study), or decrease
(as at 64 and 176 Hz). This information is valuable for engine
designers as it allows them to anticipate changes in the flame
response to acoustic perturbations and, thus, thermoacoustic interactions, when the fuel (composition) is varied.
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