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NOx emissions in a swirled-stabilized magnesium flame
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Alternative sources of clean energy with reduced greenhouse gas emissions have to be considered. Among them, the combustion of metal fuels such as aluminum or magnesium is promising. Nitrogen oxides (NOx) are the only undesirable gases produced during such metal combustion. The present study analyzes the amounts of NOx (NO and NO2) produced by a swirled stabilized magnesium flame. Two geometric swirl numbers are considered: 0.7 (low swirl number) and 7.3 (high swirl number). Different air-fuel ratios -equivalence ratio ranging from 0.17 to 1 -are considered, being obtained by changing the mass flow rate of the injected fuel which is a pulverized fuel of pure magnesium particles with a size fraction 50-70 µm. Thermocouples and a bichromatic pyrometer are implemented to monitor the gas temperature and the flame temperature, respectively. Oxygen (O2) is measured using an in-line paramagnetic analyzers and NOx are measured using an IR-UV analyzer.

Whatever the swirl conditions and the air-fuel ratio tested, a stabilized flame of Mg is obtained. The metal combustion exhibits very stable performances. NOx emissions versus equivalent ratio follow a bell-shape curve. Under the tested experimental conditions, the amount of NOx never exceeds 7 gNOx/kWh, which is lower than the maximal value of NOx emission from a gasoline engine. The NOx mole fraction increases when the air-fuel ratio increases, as the power dissipated by the flame increases. The temperature of MgO particles in the flame reaches 2250 °C and the gas temperature never exceeds 1400 °C. The thermal NOx formation is estimated applying Zeldovich's model. The model indicates that NOx can be produced in the gas surrounding the hot MgO particles. For the highest equivalence ratio, even if the gas temperature is still increasing, the NOx production is disfavored in the rich mixture. Based on these results, a global scheme for NOx formation is proposed which includes four successive steps.

-Introduction

The depletion of fossil fuels and climate change lead to a gradual reduction of the use of fossil fuels, and the global energy needs would not decrease in the future. The use of clean renewable energies is therefore essential. A new possible solution consists to use metallic elements as energy source.

Nowadays, metals are mainly used as oxygen carrier for the chemical looping combustion (CLC) which allows CO2 capture [START_REF] Lambert | Performance and degradation mechanisms of CLC particles produced by industrial methods[END_REF], mainly with copper, nickel and manganese. CLC system relies on circulating metal oxides between an oxidation reactor and a reduction reactor. In CLC technology, the fuel reacts directly with the oxygen carrier. The use of metals is also envisaged for CLCU (Chemical Looping with Oxygen Uncoupling) where metal oxides release O2 in the fuel reactor which then reacts with the fuel [START_REF] Shulman | Chemical -Looping with oxygen uncoupling using Mn/Mg-based oxygen carriers -Oxygen release and reactivity with methane[END_REF].

Metals are also considered as energy vectors, as the combustion of metallic powders such as aluminium, iron or magnesium, provides as much energy as fossil fuels without producing greenhouse gases [START_REF] Bergthorson | Direct combustion of recyclable metal fuels for zero-carbon heat and power[END_REF][START_REF] Bergthorson | Metal-water combustion for clean propulsion and power generation[END_REF]. In addition, the combustion of metals allows a closed cycle where the metal oxide generated by combustion is in solid form, then can be totally recovered from the exhaust gas and finally can be regenerated using a solar oven to be burnt again [START_REF] Julien | Enabling the metal fuel economy: green recycling of metal fuels[END_REF][START_REF] Puig | Production of metallic nanopowders (Mg, Al) by solar carbothermal reduction of their oxides at low pressure[END_REF]. A loop metal oxidation/metal reduction is thus feasible.

Metal combustion was studied in the recent years. First, laminar metallic flames of iron, aluminium and magnesium were obtained by Lomba et al. [START_REF] Lomba | Determination of aluminum-air burning velocities using PIV and Laser sheet tomography[END_REF] and by Julien et al. [START_REF] Julien | Flame structure and particle-combustion regimes in premixed methane-iron-air suspensions[END_REF]. Then turbulent combustion was studied with the development of a confined combustion chamber by Garra et al. [START_REF] Garra | Magnesium/air combustion at pilot scale and subsequent PM and NOx emissions[END_REF] and Laraqui et al. [START_REF] Laraqui | Experimental study of a confined premixed metal combustor: Metal flame stabilization dynamics and nitrogen oxides production[END_REF]. A stable turbulent magnesium flame was here obtained. Two types of flame stabilization were considered: with a bluff-body as described in Garra et al. [START_REF] Garra | Magnesium/air combustion at pilot scale and subsequent PM and NOx emissions[END_REF] and in Laraqui et al. [START_REF] Laraqui | Experimental study of a confined premixed metal combustor: Metal flame stabilization dynamics and nitrogen oxides production[END_REF] and with a swirl without any bluff-body in [START_REF] Feikema | Enhancement of flame blowout limits by the use of swirl[END_REF].

In the study by Laraqui and al. [START_REF] Laraqui | Experimental study of a confined premixed metal combustor: Metal flame stabilization dynamics and nitrogen oxides production[END_REF], the only undesirable gaseous products of magnesium combustion turned out to be nitrogen oxides (NOx). During the magnesium combustion, the hot flame (2000 °C) generated high levels of thermal NOx emissions [START_REF] No | Ref TIP800WEB -Environ[END_REF]. The other types of NOx (fuel and prompt) cannot be formed under these conditions, as the fuel does not contain nitrogen or hydrocarbon [START_REF] No | Ref TIP800WEB -Environ[END_REF]. A first screening of NOx emissions from a magnesium-air flame stabilized with a bluff-body was previously done by Garra et al. [START_REF] Garra | Magnesium/air combustion at pilot scale and subsequent PM and NOx emissions[END_REF]. The authors observed that the NO mole fraction varied between 1100 mg/(N)m 3 and 5000 mg/(N)m 3 and the NO2 mole fraction was found to be smaller, between 250 and 2800 mg/(N)m 3 . Using a magnesium flame with a bluff-body stabilization, Laraqui et al. [START_REF] Laraqui | Experimental study of a confined premixed metal combustor: Metal flame stabilization dynamics and nitrogen oxides production[END_REF] demonstrated that the NOx emissions were ranging in the same order of magnitude than that of current optimized internal combustion engines. However, the flow configuration in a bluff-body burner is different of that prevailing in a swirled-stabilized burner as considered in the present study.

To consider a real future for a technology based on metal combustion for heat generation, it is necessary to overcome the possible issue with NOx production. The different mechanisms prevailing for NOx formation in combustion processes are detailed in Glarborg and al. [START_REF] Glarborg | Modeling nitrogen chemistry in combustion[END_REF]. Three pathways for NOx formation are well known and investigated: fuel-NO, prompt-NO and thermal NO. NOx reduction was widely investigated in the past decades for combustion systems using fossil fuels or biofuels. For instance, aerodynamic staging burner using multiple air and fuel inlets were promising configurations [START_REF] Shihadeh | Low NOx emission from aerodynamically staged oil-air turbulent diffusion flames[END_REF][START_REF] Claypole | The effect of swirl burner aerodynamics on NOx formation[END_REF]. Such a low-NOx combustion technology was investigated for pulverized lean coal combustion [START_REF] Wang | Experimental investigation of the characteristics of NOx emissions with multiple deep air-staged combustion of lean coal[END_REF]. An Exhaust Gas Recirculation was also considered as an appropriate strategy for NOx reduction [START_REF] Maiboom | Experimental study of various effects of exhaust gas recirculation (EGR) on combustion and emissions of an automotive direct injection diesel engine[END_REF].

To achieve such an efficient NOx reduction, it is necessary to better understand the mechanism of NOx formation when considering a metal flame. The present study aims to investigate the NOx formation in a turbulent magnesium burner whose flame is stabilized by swirl. As magnesium is nitrogen free, the only pathway that should be considered for NOx formation during magnesium combustion is the thermal NO. The characteristics of the flame through the gas temperature and the particles temperature are first investigated as the formation of thermal NOx is strongly linked to the temperature. NOx emissions are then characterized for different experimental conditions (equivalence ratio, swirl value). The influence of the different experimental parameters on NOx formation are finally discussed and a global mechanism is proposed.

-Materials and method

-Metal-air burner

The metal-air burner used in the present study is schematically described in Figure 1 and further details are given in [START_REF] Laraqui | Heat recovery and metal oxide particles trapping in a power generation system using a swirl-stabilized metalair burner[END_REF]. It is composed of three main parts: the air and magnesium injection, the combustion chamber with an optical access to observe the flame during combustion experiments and the outflow duct for gas sampling and analysis. 

-Air inlet and fuel injection

The reconstituted air flows are controlled by solenoid valves and the flow rates are regulated by mass flowmeters. The injected air flow rates range between 6 Nm 3 .h -1 and 10 Nm 3 .h -1 , according to the swirl.

The fuel used is a magnesium powder with a purity greater than 99.8% supplied by Carl Roth as CP20.2 reference. The particles are sized to the range 50-70 µm with a siever RETSCH. The solid fuel injection is conducted with a PALAS BEG 1000 type B. The generated pulverized fuel of magnesium powder is injected into the chamber. This system allows a continuous and homogeneous injection of particles.

The solid fuel injector based on a Venturi pulverized fuel aspiration was widely described in the previous work [START_REF] Laraqui | Experimental study of a confined premixed metal combustor: Metal flame stabilization dynamics and nitrogen oxides production[END_REF].

-Combustion chamber

The combustion chamber is 60 cm long with an internal diameter of 10.5 cm and presents an optical access. The combustion chamber consists in a cooled double-walled stainless-steel pipe. For an efficient cooling of the combustion chamber, a water flow of 740 L/h is circulating in the double-walled gap and the inlet and outlet water temperatures are monitored. The total heat flux dissipated by the flame through the wall is estimated from the heat power recovered by the circulating water. The chamber opens onto a long outlet pipe, called the free exhaust, to avoid any overpressure in the combustion chamber. As shown in Figure 1, the primary air is injected with the solid fuel through the axial entry and the secondary air is injected through the tangential entry.

In the combustion chamber, the flame is stabilized by means of a swirl which is promoted by a secondary air injected by four tangential inlets in the injection head as shown in Fig. 1. The swirl is characterized by its geometric swirl number Sg calculated according to the following expression:

𝑆 𝑔 = 𝑟 0 𝜋𝑟 𝑒 𝐴 𝑡 [ ṁ 𝑔𝑎𝑠,𝑡𝑎𝑛 ṁ 𝑔𝑎𝑠,𝑡𝑜𝑡𝑎𝑙 ] 2 , ( 1 
)
where 𝑟 0 is the radius of the swirler cylinder (m), 𝑟 𝑒 is the radius of the tangential flow starting from the barycentre of the latter (m), 𝐴 𝑡 is the total section of the tangential inlets (m 2 ), ṁ 𝑔𝑎𝑠,𝑡𝑎𝑛 is the tangential gas flow rate (Nm 3 .h -1 ) and ṁ 𝑔𝑎𝑠,𝑡𝑜𝑡𝑎𝑙 is the total gas mass flow rate (Nm 3 .h -1 ).

The actual swirl number is approximately equal to 0.24 × 𝑆 𝑔 and because the geometry of the inlet does not vary, only the ratio between axial mass flow rate and tangential mass flow rate affects the swirl number. In the present study, two different swirls are considered: a low swirl with 𝑆 𝑔 = 0.7 and a high swirl with 𝑆 𝑔 = 7.3. The low swirl is much lower than 2.4 (upper limit for a low swirl) and the high swirl is higher than 5.6 (lower limit of high swirl).

2.2 -Gas analyses and temperature measurements

-NOx measurements

The NOx emissions are analysed versus the equivalence ratio for the two swirls. A sample of the outlet gas flow is collected using a tube with three bored holes which are placed perpendicular to the flow.

The holes are placed back on the tube to prevent the holes clogging by the particles of magnesium oxide. NO and NO2 emissions are monitored using infrared and ultraviolet cells of a Rosemount TM X-STREAM analyser. The NOx emissions are measured in ppm and also expressed in g.kW - 

-O2 measurements and equivalence ratio calculation

The oxygen amount at the outlet of the system is monitored using a paramagnetic Rosemount TM X-STREAM O2 analyser and expressed in %Vol. The equivalence ratio can be experimentally determined from the expression:

𝜑 = %𝑂 2,𝑖 -%𝑂 2,𝑓 × 100 -%𝑂 2,𝑖 100 -%𝑂 2,𝑓 %𝑂 2,𝑖 , (2) 
where %𝑂 2,𝑖 is the inlet oxygen mole fraction and %𝑂 2,𝑓 is the outlet mole fraction.

The equivalence ratio is modified by increasing the flow of magnesium injected, ranging from 900 to 3200 g/h, at constant air flow. The equivalence ratio varies from 0.17 to 1. For such a range of equivalence ratios, the power supplied by the combustion ranges between 6 and 23 kW.

-Temperatures

The gas temperature is measured using a N-type thermocouple located in the flame at 𝑥 = 𝐿/𝐿 𝐶𝐶 = 0.11, where LCC is the total length of the combustion chamber and L is the distance between the chamber entrance and the thermocouple. Additionally, two K-type thermocouples are located respectively in the middle of the chamber at x = 0.36 and at the end of the chamber at x = 0.93.

Moreover, the particles temperature in the flame is measured using an IMPAC infrared ISR 12-LO bichromatic pyrometer (λ1=800 nm, λ2=1050 nm) at x=0.13. This commercial pyrometer is recommended for the measurement of the temperature of high temperature metal surfaces.

Emissivity of bright metals increases as the wavelength decreases. For a wavelength of about 1000nm, the emissivity of bright metals and that of the oxidized metal are in the same range. As the exact oxidation state of the particles in the flame is not determined, the total measurement error is then reduced. The measuring beam of the pyrometer is focused on the center of the combustion chamber.

It can be approximated as a cylinder of about 10 mm. Bi-chromatic pyrometers are known to be essentially influenced by the hottest surfaces in their field of view.

-Results and discussion

-Experimental results

The NOx emissions, gas and particles temperatures and O2 mole fraction at the outflow are monitored and their dependence upon different parameters is analyzed: air flow rates, solid flow rates of injected magnesium, whence equivalence ratio of the reaction, and swirl value. swirl when the Mg mass flow rate is higher than 2500 g/h. For the high swirl, the global equivalence ratio is never higher than 0.6. It is indeed possible to define the limits of the flame stabilization. Experiments showed that a flame providing a power lower than 5 kW is simply not energetic enough to allow a high-enough temperature for a self-stabilized combustion. The power dissipated by the flame is estimated from the mass flow rate of injected magnesium assuming that all the magnesium is oxidized in the flame. Such an assumption was previously confirmed by Laraqui et al. [START_REF] Laraqui | Heat recovery and metal oxide particles trapping in a power generation system using a swirl-stabilized metalair burner[END_REF], under similar experimental conditions. The threshold of 5 kW corresponds to an equivalence ratio of 0.17 and 0.34 for the high swirl and low swirl, respectively. In this case, the flame is blown out. Conversely, when the combustion equivalence ratio is greater than 1, the flame moves upstream of the system due to a lack of oxygen. The flame is then too close to the injector and there is a high risk of backfire. This equivalence ratio of 1 corresponds to a dissipated power of 21 kW at low swirl. Under high swirl condition, a power of 23 kW is reached for an equivalence ratio of 0.65. The injection system cannot bring more than 3300 g/h of magnesium in the chamber and such a solid flow corresponds to a global equivalence ratio of 0.6 for the experiments with a high swirl. The NO mole fraction (ranging from 1960 to 8750 ppm for the high swirl and from 10 to 7490 ppm for the low swirl) is always higher than the NO2 mole fraction (from 350 to 1830 ppm for the high swirl and from 110 to 2200 ppm for the low swirl).

-Stabilization of the flame

-NOx emissions

The NO and NO2 mole fractions as functions of the global equivalence ratio exhibit a bell-shape curve.

For low global equivalence ratios, the NOx emissions first increase with the global equivalence ratio.

Then after reaching a maximal value, they decrease and exhibit the lowest values when the equivalence ratio reaches the highest values. The NOx emissions are slightly lower for the low swirl.

The maximal values of NO and NO2 are reached for an equivalence ratio of 0.6 for the high swirl and 0.65 for the low swirl. This type of bell-shape curve is also obtained for NOx emissions from a gasoline engine but with a maximal value close to 1 [START_REF] Wigg | Emissions Characteristics of Neat Butanol Fuel Using a Port Fuel-Injected, Spark-Ignition Engine[END_REF]. The difference between these two experimental situations may be explained by the absence of stratification of the air injection in the combustion chamber of a gasoline engine. This is not the case for the metal-air burner for which a stratification between the primary air and swirled-secondary air is expected. Consequently, the comparison between the two configurations is difficult. Moreover, the gasoline thermal engine produces also prompt and fuel NOx, while this is not the case with the metal-fueled burner. In the work of Garra et al. [START_REF] Garra | Magnesium/air combustion at pilot scale and subsequent PM and NOx emissions[END_REF], the flame was stabilized using a bluff-body and the power dissipated by the flame was equal to 5 kW for an equivalence ratio of about 0. To compare the NOx amounts emitted with the data currently presented on NOx emissions for gasoline engine, the NOx emissions are expressed in g/kWh considering the power produced during combustion. Figure 4 gives the NOx emissions in g/kWh as a function of the global equivalence ratio.

They are included between the maximal and minimal NOx amounts emitted by a gasoline engine. The NOx emissions from the magnesium combustion range from 0.15 to 6.55 gNOx/kWh and this maximum is much higher than the amount currently emitted by coal power plant (from 0.2 to 0.4 gNOx/kWh), biomass power plant (from 0.2 to 0.7 gNOx/kWh) and gas turbine (0.126 gNOx/kWh), [START_REF] Juhrich | Aktualisierung der Emissionsfaktoren für Großfeuerungsanlagen[END_REF].

However, for coal and biomass power plants, NOx abatement systems are implemented which is not the case with the metal swirled burner investigated herein the present study.

-Particles temperature

As previously mentioned, the particles temperature is measured using a bichromatic pyrometer, which points to the flame zone through the optical access. The temperature returned by the pyrometer is that of the MgO particles produced by the combustion. It is the flame temperature. For comparison, the ignition temperature obtained by Cassel and Liebman [START_REF] Cassel | The cooperative mechanism in the ignition of dust dispersions[END_REF] for Mg particles of 70 µm is equal to 893 K. Senyurt and Dreizin predicted a thermal runaway reaction at around 1000 K for a burning magnesium particle with a diameter of 60 µm [START_REF] Senyurt | At what ambient temperature can thermal runaway of a burning metal particle occur?[END_REF]. The vaporization temperature of Mg is equal to 1093 °C [START_REF] Lomba | Utilisation de la combustion métallique dans les machines thermiques[END_REF]. The measured flame temperatures presented in Fig. 5 are always higher than these characteristic temperatures. As a consequence, a vapor phase reaction occurs between Mg and O2 producing a diffusion micro-flame surrounding each Mg particle and leading to a shell of condensed MgO [START_REF] Cassel | Combustion of magnesium particles I[END_REF]. The particle temperature is below the values of 3000 K measured by Shoshin et al. in [START_REF] Shoshin | Particle combustion rates in premixed flames of polydisperse metal -Air aerosols[END_REF] for a lifted magnesium/air flame, and below the values (3064 to 3081 K) obtained by Lim et al. in [START_REF] Lim | A comparative study of the ignition and burning characteristics of afterburning aluminum and magnesium particles[END_REF],

which are close to the adiabatic flame temperature. Such differences can be explained by the fact that radiation and convection losses in the combustion chamber decrease the average flame temperature.

These heat losses are induced by both the cooled walls of the combustion chamber and the visualization tubes. These heat losses are enhanced by the higher turbulence level in the swirled flame than those found in the above-indicated papers. The temperature does not strongly vary with respect to the equivalence ratio, except for the highest magnesium flow rate -i.e. higher equivalence ratiofor which it slightly decreases. Such a result is in agreement with the literature on theoretical metal combustion indicating that no significant change can be expected on the flame temperature when varying the equivalence ratio in this range, [START_REF] Lomba | Utilisation de la combustion métallique dans les machines thermiques[END_REF]. Each Mg particle indeed burns with its own diffusion micro-flame. The volume occupied by the magnesium particles is negligible compared to the total volume of gas and the particles do not strongly interact with each other. Thus, the individual microflame is not changed and consequently the temperature remains constant, [START_REF] Lomba | Utilisation de la combustion métallique dans les machines thermiques[END_REF].

As all the particles are supposed to burn independently, one should expect that the particles temperature is not affected by the swirl. However, the MgO temperature is smaller for the low swirl than the values obtained for the high swirl. The visibility of the pyrometer is suspected to be hampered by the MgO particles located around the flame zone, which are cooled down by heat exchange and form a screen close to the chamber walls. Such a behavior is not observed with the high swirl, as the higher tangential flow allows the MgO particles remaining concentrated in the flame zone except for two higher magnesium mass flow rates for which the same MgO screen is observed. The particles temperature obtained for low swirl will not be considered for the ongoing discussions concerning the mechanism of NOx formation. The gas temperature at x=0.36 increases from 800 to 1370 °C when the solid flow rate increases from 1000 to 2500 g/h. Beyond 2500 g/h, the gas temperature is equal to 1370 °C whatever the solid flow.

-Gas temperatures

The swirl seems to have no influence on the gas temperature in the central zone of the flame, which is therefore governed by the solid flow.

The gas temperature is always smaller than the particles temperature, which was proved to slightly depend on the equivalence ratio (Fig. 5) as previously discussed.

The dependence of the gas temperature on the solid mass flow rate of the injected magnesium may be explained by the heat released by the combustion and the subsequent heat transfers by radiation and convection from the MgO particles to the surrounding gas. Although the particles temperature does not vary with the equivalence ratio (see Fig. 5), when the solid flow increases, the total heat release by convection and radiation also increases as the total surface area developed by MgO particles increases.

Moreover, in the flame zone close to the primary air injection, the local equivalence ratio is quite similar for the two swirls as the primary air flow is the same for the two swirls. Consequently, the gas temperature should not be strongly influenced by the swirl, as experimentally observed.

The gas temperature obtained for x=0.11 is very close to that measured at x=0.36. At the chamber outflow, i.e. x=0.93, the temperature is much lower, whatever the equivalence ratio. Moreover, the temperature at x=0.93 is lower for the high swirl compared to that measured for the low swirl. Such a decrease may be explained by the secondary air flow which is higher for the high swirl. Consequently, the mean gas temperature decreases at the chamber outflow as the hot gas produced by the flame is diluted with the cold air injected through the tangential entry. As already observed by Laraqui and al in [START_REF] Laraqui | Heat recovery and metal oxide particles trapping in a power generation system using a swirl-stabilized metalair burner[END_REF], one third of the power released by the flame is dissipated through the chamber wall by convection and radiation heat transfers. As expected, a linear increase of the heat flux is observed. Considering such heat losses, it is not surprising that the gas and particles temperatures are lower than the adiabatic temperature of the magnesium combustion.

-Heat flux

The mass flow rate of MgO leaving the chamber is estimated from the mass flow rate of Mg injected.

The total gas flow rate exiting the combustion chamber depends on the equivalence ratio. Assuming that the MgO particles are leaving the combustion chamber at the gas temperature measured by the thermocouple located at x=0.93, the heat flux recovered from the MgO particles and the gas can be calculated considering specific heat capacities equal to 875 J kg -1 K -1 for MgO and to 1005 J kg -1 K -1 for the gas. For the low swirl and an equivalence ratio of 0.6, they are equal to 1.4 kW and 1.6 kW, respectively. Both are lower than the corresponding heat flux dissipated in the combustion chamber (5.0 kW). The sum of these three heat fluxes is 8.0 kW. It corresponds to 76% of the total power dissipated by the magnesium combustion. The energy balance is not fulfilled. But the thermal equilibrium in the experimental set-up is not reached at the end of the experiment, which may explain such a high difference.

-Discussion

Different aspects are considered to propose a global mechanism for NOx formation during the magnesium combustion: time scale for Mg oxidation in a turbulent flame, temperature at which NOx are produced, kinetics of NOx formation. Additionally, the evolution of NOx emission versus the equivalence ratio and swirl intensity should be explained by this mechanism.

-Combustion duration of Mg particles

Only few studies are reported in literature concerning the kinetics of MgO formation during the combustion of magnesium powder. Cassel and Liebman [START_REF] Cassel | Combustion of magnesium particles I[END_REF] and Shevtov et al [START_REF] Shevtsov | Mechanism for combustion of isolated magnesium particles[END_REF] studied such a combustion phenomenon under experimental conditions similar to those considered in the present study: air flow, fast combustion, magnesium powder with a particle size between 50 and 120 µm for the former and between 40 and 200 µm for the latter. Cassel and Liebman established combustion times of 1.85 ms and 6.80 ms for particle sizes of 50 and 80 μm, respectively, [START_REF] Cassel | Combustion of magnesium particles I[END_REF]. Shevtsov et al proposed a linear function between the square of the particles diameter and the combustion time, [START_REF] Shevtsov | Mechanism for combustion of isolated magnesium particles[END_REF]. A combustion duration of around 6 ms for a 60 µm particle size is deduced from this linear function. Then the combustion duration of magnesium particles is lower than 10 ms, which is a very short time when comparing to the mean residence time of the gas flowing in the combustion chamber.

The residence time of the gas in the combustion chamber is indeed approximately equal to 0.5 s, considering a gas temperature of 1200 °C.

-Modelling of the thermal NOx formation

Only thermal NOx formation has to be considered for metal combustion. The formation of thermal NOx is determined by a set of highly temperature-dependent chemical reactions known as the extended Zeldovich mechanism, [START_REF] Zeldovich | Oxidation of Nitrogen in Combustion[END_REF]. The main reactions governing the formation of thermal NOx from molecular nitrogen are:

𝑂 + 𝑁 2 𝑘 +1 ⇌ 𝑘 -1 𝑁 + 𝑁𝑂 (3) 𝑁 + 𝑂 2 𝑘 +2 ⇌ 𝑘 -2 𝑂 + 𝑁𝑂 (4)
The rate of NOx formation is significant only at temperatures higher than 1800 K. The rate-limiting step of the extended Zeldovich mechanism is the breaking of the triple bond of N2. The consumption of free nitrogen atoms becomes equal to the rate of its formation and therefore a quasi-steady state can be established. This assumption is valid for most combustion cases, except in extremely fuel-rich combustion conditions. The formation rate can be expressed as follows, [START_REF] Zeldovich | Oxidation of Nitrogen in Combustion[END_REF]:

𝑑[𝑁𝑂] 𝑑𝑡 = 2𝑘 +1 [𝑂][𝑁 2 ] (1 - 𝑘 -1 𝑘 -2 [𝑁𝑂] 2 𝑘 +1 𝑘 +2 [𝑁 2 ][𝑂 2 ]
)

(1 + 𝑘 -1 [𝑁𝑂] 𝑘 +1 [𝑂 2 ] + 𝑘 +3 [𝑂𝐻] ) (5) 
The partial equilibrium approach is assumed to determine the oxygen radical concentration. According to Westenberg, [START_REF] Westenberg | Kinetics of NO and CO in Lean, Premixed Hydrocarbon-Air Flames[END_REF], the equilibrium O-atom concentration can be obtained from:

[𝑂] = 397 000 𝑇 -0.5 [𝑂 2 ]𝑒 -31090/𝑇 (6)

There is no hydrogen in the fuel for metal combustion. The third reaction in the extended Zeldovich mechanism is:

𝑁 + 𝑂𝐻 𝑘 +3 ⇌ 𝑘 -3 𝐻 + 𝑁𝑂 (7) 
It is assumed to be negligible and [𝑂𝐻] = 0.

The following kinetic constants, expressed in m 3 .mol -1 .s -1 , are selected for the further computations, according to [START_REF] Hanson | Survey of Rate Constants in the N/H/O System[END_REF]: Using these kinetic parameters in eq. ( 5) and considering eq. ( 6), NO versus time is calculated. NO yielding versus residence time is presented in Fig. 8. Three temperatures are considered for the simulation: 1400 °C corresponding to the gas temperature in the flame, 2000 °C corresponding to the solid temperature as measured by the pyrometer and 2800 °C which is the theoretical value for the solid temperature in an adiabatic flame, [START_REF] Shoshin | Particle combustion rates in premixed flames of polydisperse metal -Air aerosols[END_REF]. The amount of NO predicted for a temperature of 1400 °C is 5 ppm for a residence time of 1 s and is then too small to explain the experimental values for NOx formation. NO yielding starts to be significant (16,000 ppm) for a temperature of 2000 °C, corresponding to the particle temperature measured for the high swirl. Considering a temperature of 3000 K as obtained by Shoshin and al. in [START_REF] Shoshin | Particle combustion rates in premixed flames of polydisperse metal -Air aerosols[END_REF], the NO mole fraction is 55,540 ppm. Using this global model, it can be deduced that NOx may be produced in the homogeneous gas phase in contact with the MgO particles whose temperature is the flame temperature. The delay to reach for NO equilibrium mole fraction is approximately equal to 200 ms at 2000 °C and less than 1 ms at 3000 °C. It has the same order of magnitude than the duration of MgO production. Hence, the two reactions could concomitantly occur.

𝑘 +1 =

-Influence of the equivalence ratio on NOx formation

As already discussed, the NOx emission curve as a function of the global equivalence ratio (Fig. 4) exhibits bell-shape curves. For the lowest values of the global equivalence ratio (<0.5), the increase of the NOx emissions as a function of the global equivalence ratio can be explained by the increase of the density of MgO particles in the gas phase and the subsequent rise of the gas-solid contact. For the high global equivalence ratios (> 0.6), the NOx emissions do not reach a plateau but decrease. This phenomenon is therefore not related to the solid flow, which is still increasing. It is instead explained by the depletion of oxygen in the flame. As shown in Fig. 3, the experiments for which the global equivalence ratio was found equal to 1 are also those exhibiting NOx emissions close to 0. However, Mg is fully oxidized. It can therefore be assumed that the magnesium oxidation takes place before the NOx formation. Under this condition, the injected oxygen is totally consumed for magnesium combustion and therefore there is no oxygen left to form NOx. Such an oxygen depletion also explains why the NOx emissions decrease when the global equivalence ratio increases at the right side of the bell-shape curves.

-Influence of the swirl on NOx formation

The NOx emissions versus the equivalence ratio exhibit a bell shape for the small swirl and seem to follow the same trend for the high swirl, even if the experimental set-up did not allow to perform experiments for equivalence ratios higher than 0.63. The bell shape is not completely obtained for the high swirl but a decrease in NOx emission starts for the equivalence ratio higher than 0.6. The maximal emissions are obtained at 0.6 for the high swirl and 0.65 for the low swirl, as shown in Fig. 3. The horizontal shift between the two curves may be explained by a significant difference in the air stratification between primary and secondary air. The total air mass flow is 1.86 times higher for the high swirl than for the low swirl conditions. This dilution induces a shift of the curves versus the equivalence ratio.

-Mechanism of NOx formation during Mg oxidation

All the results presented in the previous sections allow to propose a mechanism for the NOx formation in a turbulent flame of magnesium. Figure 9 describes the successive steps which could be involved during the combustion of magnesium (Mg) and their respective impact on the NOx formation. In a first stage, the Mg particles injected in the primary air are heated-up by radiation and convection.

In a second stage, the heterogeneous combustion of Mg starts at 650 °C with a very slow oxidation as demonstrated by Moser et al., [START_REF] Moser | Experimentation and kinetic modeling of low-temperature oxidation of magnesium particles for the production of energy with low environmental impact[END_REF]. At this stage of the reaction, the heat released by Mg oxidation is negligible. The vaporization of Mg particles starts in a third stage and Mg burns in the gas phase surrounding the Mg particle in a micro-diffusion flame, [START_REF] Shoshin | Particle combustion rates in premixed flames of polydisperse metal -Air aerosols[END_REF]. The duration of this vapor-phase oxidation stage is approximately equal to few milliseconds, as described in the literature, [START_REF] Shoshin | Particle combustion rates in premixed flames of polydisperse metal -Air aerosols[END_REF][START_REF] Lim | A comparative study of the ignition and burning characteristics of afterburning aluminum and magnesium particles[END_REF]. The heat released by the combustion reaction is transferred by convection to the surrounding gas and also by radiation to the wall of the combustion chamber. After the vapor-phase oxidation, MgO condenses.

MgO was found in crystallized cubic structures of sizes ranging from 10 nm to around 1 μm, [START_REF] Laraqui | Heat recovery and metal oxide particles trapping in a power generation system using a swirl-stabilized metalair burner[END_REF]. The MgO temperature is higher than that of the surrounding gas and the heat transfer between the solid and the gas is still going on, even after the combustion is completed. However, the MgO temperature decreases due to the mixing/dilution of the combustion products with the swirled secondary air. NOx are produced in the gas surrounding the MgO particles following the thermal NOx pathway. Then, the NOx yielding depends on the temperature of the MgO particles and also on the oxygen mole fraction in the gas phase near the particle surface. Increasing the MgO particles concentration -i.e. the equivalence ratio -leads to the increase of NOx production, as the contact area between the MgO particles and the gas increases. The NOx yielding increases as long as O 2 is present in the gas phase.

For an equivalence ratio close to 1, the NOx emissions are very low, as the oxygen mole fraction in the volume of gas close to the particle is very low.

-Conclusion

Totally new insights concerning the analysis of NOx emissions in a swirled-stabilized magnesium-metal flame were presented. A bell-shape curve was observed for the NOx emissions versus the equivalence ratio, whatever the swirl intensity. A mechanism for NOx formation was proposed assuming that NOx is produced in the gas phase in close contact with the MgO particles produced by combustion. The increasing side of the curves is linked to the increase of the MgO particles density in the gas. The decreasing side of the curves expresses that oxygen concentration falls down to zero, as oxygen is totally consumed for Mg oxidation and this happens before NOx formation.
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 1 Fig 1: Scheme of the metal-air swirled burner

  1 h -1 relative to the power dissipated by combustion for comparison with NOx emissions from classical gasoline engines. The total duration of each experiment is 3 minutes including a first stage for the flame stabilization during about 1 minute. The mean values for NO and NO2 mole fractions and the corresponding standard deviations are calculated considering the stable part of the signals which lasts 2 minutes.
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 2 Figure 2 presents the global equivalence ratio versus the Mg mass flow rate for the two swirls. As
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 2 Fig 2: Global equivalence ratio versus the Mg mass flow rate for the two swirls

Figure 3

 3 Figure 3 presents the NO and NO2 emissions versus the equivalence ratio and for the two swirls. The
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 3 Fig 3: NO and NO2 emissions versus the global equivalence ratio for the two swirls

  4 and the Mg fraction 50-70 µm. The air flow rate was equal to 3.5 Nm 3 .h -1 . The NOx mole fraction ranged from 670 to 1100 ppm for NO and from 250 to 350 ppm for NO 2 . They are in the same range as the NOx emissions obtained with the low swirl (total air flow of 4.6 Nm 3 .h -1 ) for an equivalence ratio of 0.4.
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 4 Fig 4: Comparison with NOx emissions obtained with a gasoline engine
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 5 Fig 5: Particles temperature versus the Mg mass flow rate for the two swirls

Figure 6

 6 Figure 6 presents the gas temperature measured by the thermocouple positioned at x=0.11, x = 0.36
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 6 Fig 6: Gas temperature at different positions, versus the Mg mass flow rate for the two swirls

Figure 7

 7 Figure 7 compares the heat flux generated by the magnesium combustion (Pinjected) and the heat flux
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 7 Fig 7: Power generated by the magnesium combustion and heat flux dissipated in the combustion chamber

  1.8 × 10 8 𝑒 -38370/𝑇 𝑘 +2 = 1.8 × 10 4 𝑒 -4680/𝑇 𝑘 +3 = 7.1 × 10 7 𝑒 -450/𝑇 𝑘 -1 = 3.8 × 10 7 𝑒 -425/𝑇 𝑘 -2 = 3.81 × 10 3 𝑒 -20820/𝑇 𝑘 -3 = 1.7 × 10 8 𝑒 -24560/𝑇

Fig 8 :

 8 Fig 8: Theoretical NO emissions versus time, according to the temperature

Fig 9 :

 9 Fig 9: Mechanism proposed for Mg oxidation and thermal NOx production
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