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Introduction

In many industrial devices lean-premixed flames are stabilized by a swirling flow. This mode of operation allows lowering pollutant emission levels with more compact flames, thus increasing the power-density ratio, but raises combustion dynamics problems, most importantly flashback, blow-off and thermo-acoustic instabilities [START_REF] Lieuwen | Combustion instabilities in gas turbines, Operational experience, Fundamental mechanisms, and Modeling[END_REF][START_REF] Huang | Dynamics and stability of leanpremixed swirl-stabilized combustion[END_REF][START_REF] Candel | Dynamics of swirling flames[END_REF]]. An accurate description of the flame response to incident perturbations is necessary for the prediction of combustion instabilities. In fully premixed systems, this response is generally characterized by a transfer function between heat release rate fluctuations Q and harmonic velocity disturbances u that produce them [START_REF] Ducruix | Combustion dynamics and instabilities: Elementary coupling and driving mechanisms[END_REF]:

F ( f ) = Q / Q u /u = G( f ) exp(iϕ( f )) (1) 
where G and ϕ denote the gain and phase lag of the Flame Transfer Function F (FTF), which are functions of the forcing frequency f and the forcing level as well [START_REF] Noiray | A unified framework for nonlinear combustion instability analysis based on the flame describing function[END_REF]. Many recent investigations of the FTF of swirling flames by modeling approaches [START_REF] Hirsch | Influence of the swirler design on the flame transfer function of premixed flames[END_REF][START_REF] Palies | Modeling of swirling flames transfer functions[END_REF][START_REF] Acharya | Swirl effects on harmonically excited, premixed flame kinematics[END_REF], numerical simulations [START_REF] Palies | Acoustically perturbed turbulent premixed swirling flames[END_REF][START_REF] Acharya | Effects of azimuthal flow fluctuations on flow and flame dynamics of axisymmetric swirling flames[END_REF] and by experimental means [START_REF] Huang | Dynamics and stability of leanpremixed swirl-stabilized combustion[END_REF][START_REF] Palies | The combined dynamics of swirler and turbulent premixed swirling flames[END_REF][START_REF] Komarek | Impact of swirl fluctuations on the flame response of a perfectly premixed swirl burner[END_REF] indicate that the injector dynamics and the response of the swirler to flow perturbations need to be considered to interpret the main features of the FTF of swirling flames.

Due to the diverging streamlines of a swirling jet flow, Hirsch et al. [START_REF] Hirsch | Influence of the swirler design on the flame transfer function of premixed flames[END_REF] found that the azimuthal vorticity is fluctuating resulting in a modulation of the swirling strength in the flow downstream the injector nozzle. Komarek and Polifke [START_REF] Komarek | Impact of swirl fluctuations on the flame response of a perfectly premixed swirl burner[END_REF] found that the FTF of swirl-stabilized lean premixed flames feature a large drop of the FTF gain in the intermediate frequency range and that the frequency corresponding to this minimum gain value is a function of the distance between the swirler and the injector outlet. They showed by numerical simulations that this phe-nomenon is due to swirl number oscillations that are generated at the swirler outlet and are then convected by the mean flow. In a series of work, Palies et al. [START_REF] Palies | The combined dynamics of swirler and turbulent premixed swirling flames[END_REF][START_REF] Palies | Acoustically perturbed turbulent premixed swirling flames[END_REF][START_REF] Palies | Acoustic-convective mode conversion in an airfoil cascade[END_REF] fully interpret this mechanism and demonstrate that azimuthal waves are generated at the swirler trailing edge when the swirling vane is impinged by axial acoustic waves. These two waves lead to different responses of the swirling flame and their interference leads to an out of phase motion of the flame base with respect to the flame tip. Models were proposed for these mechanisms and the resulting flame wrinkling process [START_REF] Palies | The combined dynamics of swirler and turbulent premixed swirling flames[END_REF][START_REF] Palies | Modeling of swirling flames transfer functions[END_REF]. The net effect is that large swirl number oscillations at the burner outlet lead to a low FTF gain due to a balance of heat release rate oscillations produced close to the flame root and close to the flame tip [START_REF] Candel | Dynamics of swirling flames[END_REF][START_REF] Palies | Acoustically perturbed turbulent premixed swirling flames[END_REF]. Swirl number oscillations mainly alter the flame base motion. Larger angular oscillations of the flame position with respect to the main flow direction are observed as the level of swirl number oscillation increases. This flame root oscillation mechanism interferes with heat release rate oscillations produced by flame vortex rollup at the flame tip. These two contributions to heat release fluctuations are found to be out of phase at the gain minimum. Since the level of swirl number oscillations depends on the axial distance from the swirler to the injector outlet, this mechanism depends on frequency. When swirl number oscillations are low, heat release rate oscillations near the flame base and those at the flame tip are nearly in phase leading to a maximum value of the FTF gain.

Swirl number induced flame oscillations interfering with flame tip vortex roll-up have been confirmed by other recent experiments conducted in lean swirling premixed systems [START_REF] Bunce | Interaction between swirl number fluctuations and vortex shedding in a singlenozzle turbulent swirling fully-premixed combustor[END_REF] as well as with swirling spray diffusion flames [START_REF] Mirat | Stability analysis of a swirled spray combustor based on flame describing function[END_REF]. Large swirl number oscillations were also identified in aero-jet swirling injectors with an airblast atomizer [START_REF] Giuliani | Influence of pulsed entries on a spray generated by an air-blast injection device: An experimental analysis on combustion instability processes in aeroengines[END_REF]. In this later case, these oscillations were shown to modify the fuel spray dynamics and droplet size distribution. Straub and Richards [START_REF] Straub | Effect of axial swirl vane location on combustion dynamics[END_REF] found that the location of the axial swirling vane significantly alters the magnitude of the thermoacoustic instabilities observed in their high pressure test rig operated with preheated air.

While the mechanisms leading to swirl number oscillations are now well understood and the frequency at which the largest effects on the FTF is well predicted by considering the time lag of azimuthal wave disturbances convected by the mean flow between the swirler and the injector outlet [START_REF] Palies | The combined dynamics of swirler and turbulent premixed swirling flames[END_REF][START_REF] Hirsch | Influence of the swirler design on the flame transfer function of premixed flames[END_REF][START_REF] Komarek | Impact of swirl fluctuations on the flame response of a perfectly premixed swirl burner[END_REF][START_REF] Bunce | Interaction between swirl number fluctuations and vortex shedding in a singlenozzle turbulent swirling fully-premixed combustor[END_REF], there is yet no systematic attempt to use these swirl number oscillations to minimize the FTF gain.

The objective of this study is to characterize the differences between various injection system designs regarding flame stabilization and flame response to acoustic excitation. Only fully premixed flames stabilized on radial swirling injectors are considered. Their FTF is determined and the main elements leading to the largest drop of the FTF gain are analyzed with a set of experiments. The design modifications comprise changes of (1) the main dimensions of the radial swirler, (2) the diameter of the injection nozzle, (3) the design of a central bluff body terminated by a cone of variable diameter and (4) the distance between the swirler and the injector nozzle outlet.

The article is organized as follows. The experimental setup is presented in the next section. The flows and flames are then examined at steady injection conditions. The analysis of the FTF data obtained for the different injectors is presented next. Conclusions are drawn regarding stabilization and acoustic response properties of the various injector geometries.

Experimental setup

In the burner sketched in Fig. 1, a mixture of methane and air is injected from two diametrically opposed apertures positioned at its base. The flow crosses a grid and a honeycomb to break the largest turbulent scales. A convergent section produces a top-hat velocity profile at the location where the flow velocity is measured with a hotwire anenometer probe (Dantec Dynamics -Probe 55P16 with a mini-CTA 54T30). The diameter of this section is D = 22 mm. The cross section area at this location, which is constant for all the configurations tested in this study, is designated as A 1 . A radial swirler with tangential inlets is fixed in an enlarged section. It consists of 6 cylindrical inlets of variable diameter D s as sketched in Fig. 2. The distance between the axes of two diametrically opposed inlets is 2H. The flow leaves the swirler into a central injection tube. The diameter D 0 of this tube can be modified. A central rod of diameter d = 6 mm ending with a cone of variable diameter C at the top is inserted in the injection tube to ease stabilization. The cross section area A 2 at the injector outlet changes in the various configurations. The chamber, made of 4 transparents quartz windows, has a squared cross-section of 82 mm width and 150 mm length. At the base of the burner, a loudspeaker (Monacor SP-6/108PRO, 100 Watts RMS) is mounted to pulsate the flow. The velocity oscillations are mea- sured with the hot-wire. A photomultiplier (Hamamatsu, H5784-04), equipped with an OH* filter (Asahi Spectra, ZBPA310) center around 310 nm, is used to measure the heat release rate fluctuations. The setup was designed to easily allow the substitution of some of the components and analyze effects of geometrical modifications on flame dynamics. The replaceable components are represented in black in Fig. 1. Three different swirlers are tested, designated as swirler 2, 3 and 4 in Fig. 2, with three diameters of the central injection tube: D 0 = 22 mm, 20 mm and 18 mm. The size of the end cone at the top of the central insert is modified: C = 10 mm, 12 mm, 14 mm, as well as the distance L between the swirler and the injector exit plane. The equivalence ratio φ = 0.82 and the bulk velocity U b = 5.44 m/s at the hot-wire location deduced from the air and methane mass flowrate indications (at 20 o C and p = 1 atm) are fixed for all the experiments conducted in this study. The system is thus operated at a constant thermal power P = 5.44 kW assuming total combustion.

Laser Doppler Velocimetry is used to analyze the flow at the injector outlet. The flow is in this case seeded with small oil droplets of 3 µm. An intensified CCD camera (Princeton Instruments, PI-MAX 4, 1024×1024 pix- 

Steady Flow and Flame Analysis

It is known that the swirl number controls the stabilization of swirling flames and that changes in this quantity have an important impact on the flame dynamics. The swirl number is first measured for Swirler 2 (Fig. 2) and for an injection tube of diameter D 0 = 20 mm with a cone of C = 12 mm diameter when the system is oper-ated without combustion and without flame tube. Laser Doppler Velocimetry measurements of the axial u z and azimuthal u θ velocity components are carried out. Measurements are made 4 mm above the injector outlet, i.e. 1.5 mm above the top cone of the central bluff-body, with a resolution of 0.5 mm along the radial direction.

Results are presented in Fig. 3. The axial velocity profile u z features a central recirculation zone with negative velocities and the azimuthal velocity u θ has a Rankine like shape profile in the center part of the flow. The swirl number S of this injector is deduced from:

S = 1 R 0 u θ u z r 2 dr u 2 z rdr (2) 
where R 0 = D 0 /2. One finds for this case S = 0.73, a value typical of many injectors used to stabilize swirling flames. The same measurements were repeated for a set of geometrical configurations (Tab. 1). One can see that the swirl number decreases from swirler 2 to 4 when D 0 and C are kept constant. For a fixed swirler design, the swirl number S increases if the injection nozzle diameter D 0 increases or if the diameter C of the conical end piece decreases, i.e. when the flow passage area A 2 /A 1 increases. For the remaining configurations, an analytical expression is used to estimate the swirl number S * by assuming a uniform axial flow profile and a linear profile for the azimuthal velocity component.

Flame stabilization is now investigated for the differ- These three regimes are presented in Fig. 4. Close to blow off, when the swirl number is too low the flame is elongated in the downstream direction and cannot be assumed to be compact as in the left image. In the middle image, when the swirl number is high enough the flame is well stabilized and has a compact shape. In the right image, when the swirl level is too high flash back takes place and the flames protrudes inside the injector. The stabilization chart in Fig. 5 delineates the different regimes observed for the injectors tested in Tab. 1. When the swirl number is between 0.5 and 0.8, flames are well-stabilized. When S > 0.84, flashback inside the injector occurs. When S < 0.5, the shape of the flame becomes elongated and one approaches the blow off limit. These critical boundaries also depend on the ratio A 1 /A 2 . OH* images of the mean turbulent flame structure, deduced by averaging a hundred snapshots recorded with the ICCD camera with a long exposure time, are shown in Fig. 6. As the swirl number indicated in Tab. 1 reduces, the flame becomes more elongated, moves further away from the injector outlet and closer to the chamber walls. Changing the distance L does not lead to modification of the mean flame structure (cases A and E in Fig. 6), since the swirl number does not depend on this distance. Images in the bottom of Fig. 6 show the OH* flame luminosity in a longitudinal plane crossing the burner axis after Abel transformation. These latter images give an indication of the distribution of heat release rate in W m -3 .

Flame Transfer Function

The FTF is determined from Eq. ( 1) by submitting the flame to harmonic modulations of the flowrate. The velocity fluctuation u is controlled with the hot wire. This probe is located in the nozzle of the convergent piece in Fig. 1. It has been checked that the velocity has a top hat profile with a low level of turbulence at this location. The photomultiplier with the OH* filter is used to determine the mean Ī and fluctuating I luminosity signals integrated over the flame volume and over the line of sight. These signals are assumed to be a good tracer of the heat release rate for the lean premixed flames investigated. The transfer function is deduced from the cross and power-spectral densities between the photomultiplier and hot wire signals examined at the forcing frequency f . These signals are recorded at a sampling rate of f s = 8192 Hz over 4 seconds and Welch periodograms are used to obtain statistically converged results.

FTF data are presented in Fig. 7 for the flames investigated in Fig. 6. Data are plotted in the frequency range 40-210 Hz for a velocity perturbation level u /u = 0.10, where u and u denote the mean and root-mean-square values of the signal measured by the hot wire. The shape of these FTF is very similar to that found by Palies et al. [START_REF] Palies | The combined dynamics of swirler and turbulent premixed swirling flames[END_REF] and in many other studies. The gain first increases with the frequency to reach a maximum. This maximum gain value does not seem to depend much on the swirl number or on the geometrical configuration of the injector tested. The gain curve then features a sudden drop with a valley and reaches a minimum value at a frequency which changes with the geometry of the tested injector. This fre- quency also corresponds to an inflection point in the FTF phase plot. The value reached by the gain also depends on the geometrical configuration tested. At higher frequencies, the FTF gain increases again to reach a second maximum.

Most of these features were already described in [START_REF] Palies | The combined dynamics of swirler and turbulent premixed swirling flames[END_REF][START_REF] Palies | Experimental study on effects of swirler geometry and swirl number on flame describing functions[END_REF]. The drop of the FTF gain in the intermediate frequency range is associated to swirl number oscillations that were shown to lead to large heat release rate disturbances at the flame bottom that destructively interfere with those acting at the flame tip and which are associated to flame-vortex roll-up [START_REF] Candel | Dynamics of swirling flames[END_REF]. It was shown by Komarek and Polifke [START_REF] Komarek | Impact of swirl fluctuations on the flame response of a perfectly premixed swirl burner[END_REF] that the frequency at which the FTF gain is the lowest is controlled by the distance between the swirler and the injector outlet. This is highlighted in Fig. 7 by comparing cases A and E. The FTF gain curve is globally shifted to higher frequencies and the minimum moves from f = 120 Hz (case A) to f = 140 Hz (case E) when the swirler to the nozzle outlet distance is reduced from L = 49 mm to L = 39 mm.

One interesting feature which has not been fully described yet is that the minimum gain value reached by the FTF decreases as the swirl number increases. Minimizing the FTF gain of premixed swirling flames by controlling the swirl level has recently been addressed in [START_REF] Gatti | Effects of the injector design on the transfer function of premixed swirling flames[END_REF]. Complementary observations are made here. For a fixed injection nozzle diameter D 0 , the FTF gain minimum slightly reduces as the swirler design is optimized to increase the swirl number. However, increasing the flow passage area A 2 , either by increasing the nozzle outlet diameter D 0 or by decreasing the bluff-body end cone diameter C, has a larger impact on the FTF than optimizing the swirler design. As the flow passage area increases, the difference between the maximum and the minimum values of the FTF gain is found to increase as well in Fig. 7.

Another interesting feature may be pointed out. The deformation of the shape of the FTF phase lag evolution in the region where the FTF gain reaches a minimum value is directly linked to the minimum value of the FTF gain. Only a small changes of the FTF phase lag is seen for flames B, C and D close to the inflection point of the curve, while phase excursions of more than π/4 and close to π/2 are observed for flames A and E respectively close to the same regions.

Conclusion

Experiments were carried out to investigate changes in the stabilization properties and in the acoustic response of swirl-stabilized lean premixed methane/air flames when the system is operated at constant equivalence ratio φ = 0.82 and constant thermal power P = 5.44 kW with different injectors. Three radial swirling vanes with cylindrical injection holes yielding an increasing level of swirl were tested. Effects of a reduction of the diameter of the injection tube and of the size of a conical end-piece used as a central bluff-body were investigated. A modification of the distance between the swirler and the injector outlet was also analyzed for one selected configuration.

It is found that the FTF of these swirling-flames features a drop of the gain in the intermediate frequency range. The frequency corresponding to this minimum shifts to lower values as the bulk flow velocity decreases at the nozzle outlet or as the distance between the swirler and the injector exit plate increases. These observations are in agreement with previous analysis of the response of swirling flames. A focus is then made on effects leading to the largest drop of the FTF gain at this forcing frequency. The main findings are: (1) the biggest difference between FTF gain extrema is obtained for the swirler featuring the highest swirl number, (2) increasing the flow passage area, by increasing the diameter of the nozzle outlet or by reducing the size of the conical end piece serving as a bluff-body leads to increased swirl levels and to further reduction of the FTF gain minimum, and (3) a compromise needs to be found between flame stabilization and optimization of its acoustic response. The largest swirl levels lead to the lowest FTF gain values, but too large swirl levels lead to flashback of the flame inside the injector.

Figure 1 :

 1 Figure 1: Burner sketch. The main dimensions are indicated in millimeters.

Swirler 2 :Figure 2 :

 22 Figure 2: Swirler geometries.

Figure 3 :

 3 Figure 3: Mean axial u z and azimuthal u θ velocity components for Swirler 2, D 0 = 20 mm and C = 12 mm. Case B in Tab. 1.

Figure 4 :

 4 Figure 4: Swirl number effect on flame stabilization. (a) S =0.48, case T, elongated flame close to blow off. (b) S =0.73, case B, well-stabilized flame. (c) S =0.86, case F, flash back. See Tab. 1 for the different cases tested.
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 5 Figure 5: Stabilization chart plotting different flame regimes as a function of the normalized flow passage area ratio A 1 /A 2 and the swirl number S
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 67 Figure 6: Flame shapes for cases A to E in Tab. 1.

Table 1 :

 1 Configurations explored. Swirler design: D 0 : injection tube diameter, C: conical end piece diameter, L : distance between the swirler and injection plane outlet, A 1 /A 2 : normalized injector cross section area. S * : Estimated swirl number. S : Swirl number deduced from LDV measurements.Case SwirlerD 0 [mm] C [mm] L [mm] A 1 /A 2 [-] S [-]

	A	2	20	10	49	4.00	0.77*
	B	2	20	12	49	5.26	0.73
	C	2	20	14	49	7.69	0.64*
	D	2	18	12	49	8.33	0.62*
	E	2	20	10	39	4.00	0.77*
	F	2	22	10	49	2.86	0.86*
	G	3	22	10	49	2.86	0.84*
	H	4	22	10	49	2.86	0.75*
	I	2	22	12	49	3.70	0.81
	J	3	22	12	49	3.70	0.79
	K	4	22	12	49	3.70	0.71
	L	3	18	12	49	8.33	0.59
	M	4	18	12	49	8.33	0.54*
	N	3	20	10	49	4.00	0.73
	O	3	20	12	49	5.26	0.69
	P	3	20	14	49	7.69	0.61
	Q	4	20	12	49	5.26	0.63
	R	2	18	14	49	12.5	0.55*
	S	3	18	14	49	12.5	0.52*
	T	4	18	14	49	12.5	0.48*
	els) mounted with an UV objective and equipped with			
	the same filter as the photomultiplier is used to record			
	the OH* emission from the flames under steady injection			
	conditions.						
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