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Experimental Study Of Biogas Combustion Using A Gas Turbine Configuration

The aim of the present work is to compare stability combustion domains, flame structures and dynamics between CH4/air flames and a biogas/air flames (issued from waste methanisation) in a lean gas turbine premixed combustion configuration. Velocities profiles are provided by Laser Doppler Anemometry.

CH* chemiluminescence measurements, temporal acquisition of chamber pressure and global CH* emission are performed in order to describe flame structure and instabilities. Changes in flame structure and dynamics when fuel composition is varying are found to strongly depend on laminar flame speed. No clear correlation between the unstable flame and the reaction zone penetration in the corner recirculation can be found.

Introduction

The Kyoto protocol (and others agreements) imposes more and more stringent standards meaning that CO2 and others green house effect gas emissions have to be reduced. A way of reducing these emissions is to burn biomass fuels. In addition to these ecological constraints concerning green house effect gases, the NOx emissions must also be reduced. This can be done by reducing the flame temperature since thermal NO is the main pathway of NOx formation. Gas turbines are currently the most commonly used method for industry to produce on-site heat and electric power. Recently, great progress has been made in the clean combustion of natural gas or methane through the use of dry low emission technologies, based on lean premixed combustion, but a lot of problems remain. Indeed, in lean combustion, [START_REF] Bradley | Premixed Turbulent Flame Instability and No Formation in a Lean Burn Swirl Burner[END_REF] reports that the NO production is independent of the residence time in the combustor because it is mainly produced in the reaction zone. But, below a critical equivalence ratio value, instability occurs and a low frequency pressure oscillation appears. [START_REF] Bradley | Premixed Turbulent Flame Instability and No Formation in a Lean Burn Swirl Burner[END_REF] explain this phenomenon by a periodic extinction of the flame in the outer recirculation zone of their swirling flow. The authors attribute this extinction to the stretch fluctuations in this area, due to a periodic vortex shedding. This vortex shedding can be self-sustained by a coupling between heat release and pressure fluctuations. [START_REF] Bradley | Premixed Turbulent Flame Instability and No Formation in a Lean Burn Swirl Burner[END_REF] have observed a strong correlation between heat release and pressure fluctuations. [START_REF] Kulsheimer | An Experimental Estimation of Mean Reaction Rate and Flame Structure During Combustion Instability in a Lean Premixed Gas Turbine Combustor[END_REF] have observed that this correlation is the highest in the recirculation zones of the swirling flow. Indeed, the Rayleigh index [START_REF] Bradley | Premixed Turbulent Flame Instability and No Formation in a Lean Burn Swirl Burner[END_REF] found in these areas by the authors is positive and these results must be linked to the [START_REF] Bradley | Premixed Turbulent Flame Instability and No Formation in a Lean Burn Swirl Burner[END_REF] ones. Another mechanism that can drive instabilities is the unmixedness of the lean mixture. N'guyen (2001), Lieuwen and Zinn (1998a,b) and Lieuwen et al. (1998) have found that the propagation of pressure waves in the fuel and air supply lines can lead to equivalence ratio fluctuations. These fluctuations of the equivalence ratio lead to heat release fluctuations, sustained by pressure fluctuations. This phenomenon that leads to instabilities is the most efficient when the mixture is lean. Indeed, the sensibility of the reaction rate to an equivalence ratio fluctuation on the lean side is very high. Then, a slight equivalence ratio variation gives a high heat release fluctuation.

These instabilities that occur in lean premixed combustion could lead to an increase of NOx emissions. The results of N'guyen (2001) clearly show that the higher the RMS of pressure, the higher the NOx emissions. Instabilities must then be avoided both not to damage the turbine elements and to reduce NOx production. Even though the lean combustion is the main way of reducing the NOx production, [START_REF] Coghe | Recirculation Phenomena in a Natural Gas Swirl Combustor[END_REF]) Vanoverberghe (2004) have shown that the intensity of the swirl is also an important parameter. Indeed, the control of flame dilution via the recirculation of hot products can drastically reduce the NOx production. The main parameter for the control of the hot products recirculation and then for the control of the dilution is the swirl number. With another configuration and with high recirculation rates, the flameless combustion regime can be reached and NOx are drastically reduced [START_REF] Masson | Etude Expérimentale Des Champs Dynamiques Et Scalaires De La Combustion Sans Flamme, INSA de Rouen[END_REF]). Unfortunately, the NOx reduction obtained with lean combustion often involves CO and unburnt hydrocarbon emissions due to local extinction (see [START_REF] Correa | A Review of Nox Formation under Gas Turbine Conditions[END_REF]for details).

The composition of the fuel can also be a key parameter to reduce pollutant emissions and to increase flame stability. The results of [START_REF] Schefer | Combustion of Hydrogen Enriched Methane in a Lean Premixed Swirl-Stabilized Burner[END_REF] and [START_REF] Schefer | Hydrogen Enrichment for Improved Lean Flame Stability[END_REF] show that a hydrogen enriched methane-air flame has an increased resistance to strained, due to the increase of the flame velocity. [START_REF] Jackson | Influence of H2 on the Response of Lean Premixed Ch4 Flames to High Strained Flows[END_REF] obtained similar results even for a relatively small amount of H2. The extinction in the high strained zones observed by [START_REF] Bradley | Premixed Turbulent Flame Instability and No Formation in a Lean Burn Swirl Burner[END_REF] and other authors can then be reduced by hydrogen enrichment and stability is then increased. The same phenomenon is observed with CO addition by [START_REF] Guo | The Effect of Co Addition on Extinction Limits and Nox Formation in Lean Counterflow Ch4/Air Premixed Flames[END_REF], even though it is not as effective as hydrogen addition.

Moreover, [START_REF] Schefer | Combustion of Hydrogen Enriched Methane in a Lean Premixed Swirl-Stabilized Burner[END_REF] and [START_REF] Schefer | Hydrogen Enrichment for Improved Lean Flame Stability[END_REF] found that CO emission at low equivalence ratio is reduced in a hydrogen enriched methane-air flame.

Unfortunately, the NOx emission is increased with hydrogen or CO enrichment, due to the increase of the flame temperature [START_REF] Choudhuri | Combustion Characteristic of Hydrogen-Hydrocarbon Hybrid Fuel[END_REF], [START_REF] Guo | The Effect of Co Addition on Extinction Limits and Nox Formation in Lean Counterflow Ch4/Air Premixed Flames[END_REF]).

The dilution of methane-N2-O2 flames by CO2 has been numerically studied by [START_REF] Ju | Effects of Radiative Emission and Absorption on the Propagation and Extinction of Premixed Gas Flames[END_REF]. The authors focalize on the possible effect on the flame speed and flammability limits of the radiation re-absorption by the CO2 in the reactants. They find that the CO2 effect on laminar flame velocity is the highest at very lean mixture (=0.5), close to extinguishment. They also find that the effect of radiation re-absorption model is the highest when the mole fraction of CO2 is the highest. Their model globally leads to an increase of the laminar flame speed and to the flammability limits extend. The study of [START_REF] Ruan | Combined Effects of Nongray Radiation and Pressure on Premixed Ch4/O2/Co2 Flames[END_REF] leads to similar conclusion. But globally, since difference between spectral characteristics of reactants and products exist, the radiation effects of CO2 are limited. Globally, the radiation re-absorption models are not easy to compare with experiments since the experimental setup has a strong influence on reabsorption. Nonetheless, with re-absorption neglected, [START_REF] Shy | Turbulent Burning Velocities of Premixed Ch4/Diluent/Air Flames in Intense Isotropic Turbulence with Consideration of Radiation Losses[END_REF] found that the radiation losses due to CO2 have a strong influence on the combustion intensity: the higher the radiation losses, the lower the combustion intensity.

It is anticipated that the burning velocity of fresh fuel mixtures may be affected through the variation of the transport and thermal properties of the mixture. The chemical effect of the CO2 has been pointed out and has been studied by [START_REF] Liu | The Chemical Effect of Co2 Replacement of N2 in Air on the Burning Velocity of Ch4 and H2 Premixed Flames[END_REF] and [START_REF] Liu | The Chemical Effect of Carbon Dioxyde as an Additive in an Ethylene Diffusion Flame: Implication for Soot and Nox Formation[END_REF]. They found that the competition of CO2 for H radicals through the reaction 2 Materials and methods

Gas turbine combustion chamber facility

Experimental set up presented in Figure 1 is composed of an air-fuel mixture supply line, an axial swirl injector with a geometry based swirl number equal to 0.92, and a combustion chamber equipped with a full optical access to allow optical diagnostics. The injector is composed of six helical vanes with a 50° angle with the flow axis, placed on a 10mm diameter center body. The outer diameter of the injector is 20mm. Fuel and air are mixed at 300mm upstream the dump plane and the mixture supply line is not shocked.

The combustion chamber consists of a Herasil quality quartz tube with a diameter of 80mm and a length of 250mm. The quartz tube wall cooling is performed by a cold air stream. This cooling air is then radialy injected at 300mm downstream of the injector nozzle both to dilute and to cool hot gases. The pressure rise in the combustion chamber is obtained by adjusting a converging nozzle placed at the chamber exit. To limit the strain of temperature and pressure on the quartz tube, the combustion chamber is placed in a cooled and pressurized casing equipped with three wide quartz windows for optical access.

Further information concerning burner arrangements is provided by [START_REF] Cabot | Experimental Study of Lean Premixed Turbulent Combustion in a Scale Gas Turbine Chamber[END_REF] and [START_REF] Taupin | Experimental Study of Stability, Structure and Ch Chemiluminescence in a Pressurized Lean Premixed Methane Turbulent Flame[END_REF].

Optical Diagnostics and measurements

2.2.1. LDV Flow characteristics are measured using a 4W argon-ion laser Doppler velocimeter, operating in backward scatter mode. This is a two components dual beam system with wavelengths of 514 and 488nm, respectively. The probe volume formed by the blue beam after the 350mm focusing lens is about 90µm in diameter and 3.3mm in length, whereas the green beams form an 86µm diameter and 1.3mm length volume. LDV data are processed by the IFA 750 processor (TSI). A three dimensional traversing stepping-motorized computer-controlled unit enables the measurement volume to scan the whole combustion chamber by point to point displacement. Seeding is done with ZrO2 particles (0.5 to 5µm diameter) with a refraction index about 2.2. The centrifugal effect of the swirl flow is a well-known problem for the seeding homogeneity: particles rates vary from a few hundred particles per second in the bluff-body wake to ten particles per second close to the combustion chamber wall. Nevertheless, validation rate is over 70%.

CH * imaging

To detect flame structure and reaction intensity, a CH * radicals chemiluminescence system is used [START_REF] Bradley | Premixed Turbulent Flame Instability and No Formation in a Lean Burn Swirl Burner[END_REF]). It is composed of a narrow band pass filter centered at 431nm, a 16 bits ICCD camera (Princeton 512x512) and a 85mm focal length lens. Abel inversion described by [START_REF] Fleurier | Inversion of Abel's Integral Equation-Application to Plasma Spectroscopy[END_REF] and [START_REF] Susset | Localisation De La Zone Réactive Dans Un Brûleur De Type Swirl Par Visualisation[END_REF] is performed to provide an accurate planar visualization of the reaction zone. It consists of an image processing that gives a 2D visualization of the reaction zone from a flame-thickness-integrated image, assuming an axisymmetric flame: each pixel is weighted according to its distance from the axis of the flame. Quantitative information for further comparisons between fuels is provided by the images of flames (average and RMS images are computed with 300 instantaneous images).

CH * emission phase locked measurement with pressure

Simultaneous measurements of pressure and global CH * emission is performed in order to study the coupling between pressure fluctuations and heat release. The pressure sensor is a Kistler 6041A (ThermoComp ® quartz pressure sensor), coupled to a kistler 5011 charge amplifier. It is placed on the injection plane and allows the appearance of unstable flames to be detected. Global CH * emission is collected via a Hamamatsu R647P Photomutiplier tube. The maximum sensitivity peak is about 420nm, close to the emission wavelength of CH * radical. Sampling frequency is set to 6000Hz, even though only low frequencies represent our points of interest.

Numerical methods

The computed results presented in this study have been performed using the Cantera reacting flow software package. The adiabatic laminar flame speed of one dimensional flame can be determined by solving ODEs in axial coordinate z:
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To close this set of equations, a multicomponent transport model (Dixon-Lewis ( 1968)) and the GRI-Mech 3.0 kinetics mechanism (Smith et al. (2000)),

involving 53 species and 325 reactions are used.

The post-processing of results gives the rate of progress of each reaction in each point of the flame front, in order to find the most CO2 dilution affected reactions or species production/destruction rate. Flame thickness values used in section 2.2.5 have also been calculated from computed results.

Operating Conditions

In this study, methane is used as the reference fuel for equivalence ratios varying from =0.64 to =0.75. The composition of biogas is %CH4=61, %CO2=34 and %N2=5 in order to be representative of a typical waste biogas. The equivalence ratios used to study the biogas combustion vary from =0.68 to =0.84. In terms of pressure fluctuations, three types of flame behaviors have been met during this study. Apart from the equivalence ratio at which the flame behaviors occur, they have already been observed by [START_REF] Bradley | Premixed Turbulent Flame Instability and No Formation in a Lean Burn Swirl Burner[END_REF]Vanoverberghe (2004) in their swirling flows.

The biogas contains a large amount of CO2. Then, in order to understand the difference between CH4 and biogas, three CO2 diluted-methane-air flames are studied. The CO2 dilution rates are 0.12, 0.2 and 0.3 and equivalence ratios vary from 0.65 to 0.8. For all the flames, inlet velocity is kept constant at 30m/s (air mass flow rate 7.8g/s).

In order to evaluate flame structure, the Karlovitz number and the Damkhöler number are calculated. 0 L S , l  , ' u and t l , respectively the laminar flame speed, the flame thickness, the velocity fluctuations and the integral length scale, must be calculated.

Integral length scale is estimated to be the diameter of the injector (20mm), according to [START_REF] Aldredge | On the Structure of Turbulent Premixed Flames in High Pressure Combustor[END_REF]. The laminar flame speed 0 L S is computed with Cantera code and the flame thickness used is the computed thermal thickness calculated according to [START_REF] Degoey | Analysis of the Flame Thickness of Turbulent Flamelets in the Thin Reaction Zones Regime[END_REF]:
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'
u used is the velocity fluctuation measured by LDV at the position of the maximum CH * emission ( ' 10 u  m/s ). Table 1 summarizes the combustion characteristics for each flame described is this study.

The Karlovitz number values shown in this table has been computed with a

Prandtl number of unity. This leads to: Three areas can be described on these diagrams:
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 The first, at "high" equivalence ratio, shows a stable flame with no low frequencies pressure fluctuations. Acoustics of combustion chamber is only present. The stable methane-air flame structure shows one reaction zone as described in Figure 2. The stable biogas-air flame structure shows two zones of reaction and will be discussed in section 3.3.1

 The characteristic of the second area is the apparition of 16Hz and its harmonics frequencies (Figure 3). The unstable methane-air flames and biogasair flame show two zones of reaction.

 The third area shows a lean stable flame until extinction Methane and biogas show the same pattern when equivalence ratio is decreased. Nonetheless, the whole stable biogas-air flame domain takes place at higher equivalence ratio than the stable methane-air flame one. [START_REF] Schefer | Hydrogen Enrichment for Improved Lean Flame Stability[END_REF] and [START_REF] Schefer | Combustion of Hydrogen Enriched Methane in a Lean Premixed Swirl-Stabilized Burner[END_REF] relate this trend to the decrease of the fuel laminar flame speed. The highest the laminar flame speed, the leanest the equivalence ratio at which extinction due to stretch rate occur. Further details concerning the biogas laminar flame speed will be given in section 3.3.3.

Aerodynamics characteristics

This section deals with the reacting flow aerodynamics evolution when equivalence ratio is decreased. The fuel is methane. Mean velocity fields and velocity fluctuations are described for axial and radial components.

The mean velocity field for turbulent methane-air flames obtained at three equivalence ratios, which correspond respectively to a stable, an unstable, and a lean stable flame are shown on Figure 5. plane, shows also that this radius is not affected when  is changed. The independence between the mean flow structure and the equivalence ratio is very important to explain the flame structure: we can observe that the intensity of combustion has a low impact on the mean flow structure characteristics. But, even though the mean velocity field is not modified by equivalence ratio variations, the fluctuations of the velocity are changed when  is decreased.

For the unstable methane-air flame, Figure 7 shows the means of axial and radial components of velocity for different axial distances (Um0 and Vm0 are respectively the maximum of the axial velocity and the radial velocity for the non-reacting flow) and Figure 8 shows the radial profiles of fluctuations. As

shown by Figure 5, the mean axial velocity is negative at the top of the CRZ (r/R from 3.4 to 4 and Z/R from 0.44 to 1.56). In this zone, we notice that the fluctuations of the axial velocity for z/R= 1.56 is very high. Also, it is important to note that for an axial distance equal to z/R=1.67 (the bottom of the IRZ), the mean of axial velocity is high (near the wall), with very low fluctuations.

Concerning the radial component of the velocity on Figure 7, we can notice that all mean radial velocities show positive values, except for the top of the IRZ and the bottom of the CRZ (i.e. respectively z/R>4.22 and z/R<0.88). The area between r/R=2.5 and r /R=3 is the starting point of the flame anchorage and show positive values, which increase when axial distance z/R increases.

Evolution of the flame structure

The aim of this section is to relate the mean reaction zone location to the mean velocity field. First, a fine description of the reaction zone evolution when fuel is turned from methane to biogas is carried out. Secondly, the influence of the CO2 dilution on flame shape modifications is described. Finally, this evolution is compared with the mean velocity field. The laminar flame speed is found to be an important parameter to explain reaction zone evolution. We can observe that stable biogas-air flame (D2) reaction zone shows a penetration in the CRZ, and two maxima are visible. The unstable biogas-air flame shows a stronger extinction at the interface between the IRZ and the CRZ than the unstable methane air flame, and it clearly appears on axial profiles at z/R=2.5.

Stable methane-air flame shape and stable biogas-air flame shape exhibit strong differences. To summarize, the structure of the stable biogas-air flame (case D2) is globally similar to the slightly unstable methane-air flame one (case C1). Hence, as written previously, flame shape cannot be the criterion to detect an unstable flame.

We can notice that the higher level of CH * emission for the stable biogas-air flame is due to the higher equivalence ratio than the methane-air one [START_REF] Higgins | An Experimental Study of the Effect of Pressure and Strain Rate on Ch Chemiluminescence of Premixed Fuel-Lean Methane/Air Flames[END_REF]).

Influence of CO2 dilution on flame shapes

Since the main difference between the two fuels is the CO2 dilution, the next section is dedicated to the influence of the CO2 on the flame shapes. A parametric study is performed where CO2 dilution and equivalence ratio are varied.

Figure 12 clearly shows that for a given equivalence ratio, increasing CO2 mole fraction leads to a decrease of CH * emission and a more pronounced penetration of the reaction zone in the CRZ. The highest values of XCO2 (e.g.

XCO2=0.

3) give two separated reaction zones. One maximum of CH * emission is located approximately at z/R=2, the other at z/R=5. On the contrary, methane-air flame (i.e. XCO2=0) gives a single reaction zone located between z/R=2 and z/R=4

with a peak at z/R=3. The intermediate values of XCO2 show that this phenomenon is progressively more pronounced as mole fraction of CO2 increases.

These flame shapes can be seen on Figure 14, where all conditions are presented.

This figure shows the diminution of CH * emission when the mole fraction of CO2 is increased. This phenomenon is more pronounced for leanest flames and a more quantitative plot can be found in the bottom of the corner recirculation zone, and for z/R>4.22, i.e. at the top of the IRZ. The Abel inversion shows that the reaction zone takes place at a higher radial distance from the flow axis. We can also observe a weaker anchorage of the flame (Figure 9). For methane and =0.75 (D1), the flame is anchored at approximately r/R=1.8 while for =0.72 (C1), the flame anchorage is located at r/R=2.5.

Concerning the CO2 diluted flames (Figure 14), we can observe that the reaction zone is enlarged in the axial direction when the dilution rate is (1995)). The change in the laminar flame speed when the dilution rate is decreased is found to be due to the competition of CO2 for H radicals through the reaction R 1 with reaction R 2 [START_REF] Liu | The Chemical Effect of Carbon Dioxyde as an Additive in an Ethylene Diffusion Flame: Implication for Soot and Nox Formation[END_REF], [START_REF] Liu | The Chemical Effect of Co2 Replacement of N2 in Air on the Burning Velocity of Ch4 and H2 Premixed Flames[END_REF]). Indeed, two of the most affected reactions when methane is CO2 diluted are reactions R 1 and R 2. Our computed results are in good agreement results of [START_REF] Liu | The Chemical Effect of Carbon Dioxyde as an Additive in an Ethylene Diffusion Flame: Implication for Soot and Nox Formation[END_REF] and [START_REF] Liu | The Chemical Effect of Co2 Replacement of N2 in Air on the Burning Velocity of Ch4 and H2 Premixed Flames[END_REF] and confirm the chemical inhibiting role played by the CO2 (Figure 16).
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The non-combustion zone in the shear layer can be explained by a local extinction of the flame due to the high level of stretch in this area (the flow divergence is very important in this zone). Indeed, several authors [START_REF] Bradley | Premixed Turbulent Flame Instability and No Formation in a Lean Burn Swirl Burner[END_REF], [START_REF] Schefer | Hydrogen Enrichment for Improved Lean Flame Stability[END_REF], [START_REF] Schefer | Combustion of Hydrogen Enriched Methane in a Lean Premixed Swirl-Stabilized Burner[END_REF]) have observed a stretch resistance decrease when the laminar flame speed decreases. The re-ignition of gases is due to the high temperature of the hot products recirculation (Mastorakos et al.

(1995)).

To summarize this section, we can say that the main parameter to explain modifications of the flame shape is the laminar flame speed, which strongly depends on equivalence ratio and CO2 dilution rate.

Evolution of flame dynamics

The criterion used to detect an unstable flame is the appearance of low frequency fluctuation (16 Hz). The aim of this section is to present the influence of CO2 dilution on the 16Hz peak magnitude, and on the pressure RMS. From the experimental data, the influence of CO2 dilution is performed at constant flame dynamics (stability) and not at constant equivalence ratio. It corresponds to 0.65 for methane, 0.68 for flames with XCO2=0.12 and 0.2, and 0.70 for flames with XCO2=0.3. The cases used for this comparison are case B1, B3, B4 and C5, i.e.

the most unstable flames.

Figure 17 shows the normalized magnitude of the 16Hz peak for several diluted flames. It clearly shows a "quasi-disappearance" of 16Hz pressure fluctuations for dilution increasing (XCO2=0.2 and 0.3). It is noteworthy that the normalized pressure RMS decrease linearly with the addition of CO2. This decrease shows that energy signal decreases and that there is no energy transfer from 16Hz to another frequencies.

Figure 17b shows the normalized sensibility parameter

0 L S     
of the laminar flame speed for the four studied dilution rates. Evolution of normalized pressure RMS is also plotted. Lieuwen and Zinn (1998a,b) have found that pressure fluctuations are due to the variations of the local equivalence ratio.

Indeed, in lean combustion, a slight variation of  gives a high variation of flame speed and a periodic penetration in the Corner Recirculation Zone (CRZ). This phenomenon has also been observed by N'guyen (2001) or [START_REF] Kulsheimer | An Experimental Estimation of Mean Reaction Rate and Flame Structure During Combustion Instability in a Lean Premixed Gas Turbine Combustor[END_REF]. In our case,  seems to be a linear function of the CO2 dilution rate, and its decrease when dilution rate is increased could explain the decrease of the pressure fluctuations magnitude. The parameter  is plotted Figure 18.

For the range of  from 0.6 to 0.75, this parameter is approximately constant and shows that the highest values are at low equivalence ratio (lean flame).

Concerning the transition from stable to unstable domain, the values of laminar flame speed at which the unstable flames have been detected show that, whatever the dilution, the apparition of unstable flame will occur when  will give a precise and constant value of the laminar flame speed. This phenomenon explains the high equivalence ratio of the biogas-air flame unstable domain (Figure 4). For our burner, the knowledge of laminar flame velocity of the fuel could be an excellent tool for the prediction of the appearance of the unstable flame and for the prediction of the energy of pressure fluctuations (RMS).

Conclusion

An experimental study of the combustion of a commonly called "diluted gas"

(biogas issued from waste) has been conducted in a gas turbine configuration, and comparisons with methane-air flame have been shown.

The study of stability diagrams has shown that  Whatever the fuel, three areas can be seen: one, at high equivalence ratio, is a stable flame area. As the equivalence ratio decreases, the flame becomes unstable and shows low frequencies pressure fluctuations.

Finally, at low , the flame is stable again, just before extinction  Biogas-air flames (and CO2 diluted methane-air flames) show the same pattern, but domains are shifted to higher equivalence ratio.

The flame structure study has shown that:

 Mean velocity properties don't depend on equivalence ratio or CO2 dilution rate.

 For the same equivalence ratio, the addition of CO2 implies a strong modification of the reaction zone location and of the reaction intensity : the stable biogas-air flame shape is similar to the unstable methane-air flame one.

 The main parameter to predict the flame structure is the laminar flame speed, which depends both on  and on the CO2 dilution rate.

The study of the flame dynamics has shown that the 16Hz pressure fluctuation frequency can be correlated to:

 the cyclic penetration of the reaction zone in the CRZ  the  parameter, which is the laminar flame speed sensibility to an equivalence ratio fluctuations:

0 L S     
 a critical laminar flame speed, at which, whatever the fuel, low frequency pressure fluctuations occur.

Experimental and computed results show that the lower the equivalence ratio, the higher the sensibility parameter and then the pressure fluctuations. CO2

addition has a stabilisation effect on pressure fluctuations. [START_REF] Bradley | Premixed Turbulent Flame Instability and No Formation in a Lean Burn Swirl Burner[END_REF] and Taupin (2003) have observed that the unstable methane-air flame dynamics has a high correlation with reaction zone penetration in the CRZ. The study of CO2 diluted methane-air flames shows that this correlation is not obvious since a zone of reaction in the CRZ can be observed with a stable flame, due both to the low laminar flame velocity and to the low strain resistance.

The experiments comply with the current laws in France.
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  Each figure presents half a map of the different flame zones. Two of them are recirculation zones, separated by a third one, which is a shear layer zone where the reaction takes place for high equivalence ratios. The last one is located far downstream at z/R>14 and shows a homogeneous flow. It is noted that the flow structure is not drastically affected by the equivalence ratio decrease, and thus by the flame stability. The results of[START_REF] Bradley | Premixed Turbulent Flame Instability and No Formation in a Lean Burn Swirl Burner[END_REF] show the same phenomenon. For all the combustion conditions, an Internal Recirculation Zone (IRZ) can be found and its existence is due to the high swirl flow motion and enhanced by the bluff-body[START_REF] Gupta | Swirl Flows[END_REF], Al-Abdali and Masri (2003)). A large Corner Recirculation Zone is also present (CRZ), due to the sudden widening of the flow (Vanoverberghe (2004),Taupin (2003)). Figure6provides more quantitative information. This figure shows that the size of the IRZ is not affected by the decrease of . Indeed, whatever the axial distance from the injector plane z/R, the normalized velocity U/Um0 measured on the flow axis (r/R=0) is approximately constant for the three equivalence ratios (Um0 is the maximum of the velocity in the non-reactive flow). The top of the IRZ can be estimated to approximately z/R=14 (where no axial component exist). The plot of the radius of the IRZ Figure6b, i.e. the position of U/Um0 =0 in the (r/R, z/R)

3. 3

 3 Figure 9 and Figure 10 shows the Abel inversion of the methane-air and biogas-air flames at four different equivalent ratios. For both methane and biogas, conditions (b) and (c) correspond to unstable flames.

Figure 11

 11 Figure 11 represents the average of line of the Abel inversion of the mean CH * image, plot along the axial dimension and normalized by the maximum of the methane-air flame emission. The stable methane-air flame shows a single and compact reaction zone (only one maximum can be seen on profile), while the slightly unstable and the unstable methane-air flame show two reaction zones.

Figure 13 .

 13 The global CH * emission is calculated by summing each pixel of Abel inversion images. The diminution of reaction intensity is then directly linked to  and to the dilution rate. These results are consistent with the[START_REF] Higgins | An Experimental Study of the Effect of Pressure and Strain Rate on Ch Chemiluminescence of Premixed Fuel-Lean Methane/Air Flames[END_REF] ones concerning laminar flames. 3.3.3. Flame structure and laminar flame speed The propagation of turbulent premixed flames is mainly determined by velocity fluctuations and laminar flame speed. Since aerodynamics characteristics are not globally changed when fuel or equivalence ratio is varied, this section will attempt to correlate the flame shapes to the mean velocity field and to the laminar flame speed of the mixture.As seen previously, the methane-air flame reference case shows, for the stable flame (D1), a single and compact reaction zone in the axial direction and a well anchored "flame foot". LDV results (Figure7) exhibit a positive axial velocity for z/R=3.34 in the zone corresponding to r/R from 3 to 4 and a negative velocity for z/R=1.56. When the equivalence ratio is decreased, Abel inversion shows that the reaction zone is convected away by the flow and reaction takes place downstream for z/R=3.34 and upstream for z/R=1.56. Concerning the radial component of velocity, LDV results show positive values, except for z/R<0.88, i.e.

  increased. The reaction zone is carried away by the flow and, for sufficiently low equivalence ratio and sufficiently high dilution rate, the two combustion areas are separated by a non-combustion zone (Figure14, XCO2=0.3 and =0.70, case C5 for example).

Figure 15

 15 Figure15shows computed laminar flame speed for methane-air flames and for CO2 diluted flames. The two vertical lines named V1 and V2 represent respectively an equivalence ratio equal to 0.70 and 0.75. The two points named P1 and P2 represent the laminar flame speed for respectively the CO2 diluted flame at XCO2=0.1 (C3) and the CO2 diluted flame at XCO2=0.3 (D5). We can observe on this figure that these two flames have the same laminar flame speed (line A-A). Furthermore, we can see on Figure14that this two flames have the same shape. The same correlation between the laminar flame speed and the flame shape is also noticeable for cases B3 and C4.The decrease of the laminar flame speed when CO2 dilution increases can explain the changes in the flame structure when fuel is turned from methane to biogas. The reaction zone stabilizes in lower velocity area and is convected downstream the IRZ, and upstream the CRZ as described in section 3.3.1. The decrease of laminar flame speed can be explained by the following. The main reaction rate governing equation is the chain branching reaction R 2 (Griffiths
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PSD

Frequencies (Hz)