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Highlights

• A metal-air flame was swirl-stabilized for two geometrical swirl numbers.

• 80% of the produced heat was clearly localized in the system.

• About 45% of the total energy was the localized thermal radiation energy of the particles.

• The mass trapping efficiency exhibited an average of about 98%.

• SEM and TEM pictures showed nanometric MgO cubes which form micron-sized particles.

Introduction

One way for car manufacturers to reduce greenhouse gases emissions is to develop an electrification of the power train. For a global low carbon energy cycle, future powertrains could be composed of a clean combustion thermal engine coupled with an electric engine [1]. For that purpose, or any other high power density demanding application, metal combustion could represent a great potential in terms of thermodynamic efficiency and very low carbon energy cycle [START_REF] Bergthorson | Direct combustion of recyclable metal fuels for zero-carbon heat and power[END_REF]. In this direction, the ability of the oxides produced during the metal combustion to be trapped and converted back to metals is the cornerstone of this innovative energy route [3]. From this innovative idea to its realization, many challenges have to be addressed: the flame has to be confined and stabilized, the heat recovery has to be efficient and the solid products of the metal combustion have to be trapped in the system.

Considering the flame stabilization in a confined chamber, the literature gives many references on metal combustion but most of them were obtained for flames in an unconfined environment. For instance, laminar flames were produced 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. [5] through the combustion of aluminium, magnesium and iron, respectively. A first approach by Garra et al. [START_REF] Garra | Magnesium/air combustion at pilot scale and subsequent PM and NOx emissions[END_REF] showed the technical feasability of a confined and stabilized magnesium flame. The combustion chamber was equiped with a flame holder. The dynamics behaviour of the stabilized metal flame in such a confined environment was highligthed by Laraqui et al. [START_REF] Laraqui | Experimental study of a confined premixed metal combustor: Metal flame stabilization dynamics and nitrogen oxides production[END_REF].

Another way of stabilization could be based on a swirler. Swirl stabilized flames have been widely studied [START_REF] Syred | Combustion in swirling flows: A review[END_REF]. Among the numerous flame anchoring techniques, the swirl is one of the most developed in industry, especially for its ability to provide good mixing [START_REF] Chen | The role of the recirculation vortex in improving fuel-air mixing within swirling flames[END_REF], enhance flame stability at lean conditions [START_REF] Stöhr | Dynamics of lean blowout of a swirl-stabilized flame in a gas turbine model combustor[END_REF] and help achieve low NOx emissions [START_REF] Claypole | The effect of swirl burner aerodynamics on NOx formation[END_REF], thanks to the presence of a central recirculation zone (CRZ). The recirculation zone ensures a gas flow at low velocity where the flame can be established [START_REF] Valera-Medina | Visualisation of isothermal large coherent structures in a swirl burner[END_REF]. This structure is even more necessary as it is proved that metal flames have lower burning velocities than more conventional fuels [START_REF] Ballal | Flame Propagation Through Dust Clouds of Carbon, Coal, Aluminium and Magnesium in an Environment of Zero Gravity[END_REF]. This CRZ occurrence depends on the level of the swirl intensity, as it is caused by radial and axial pressure gradients due to the nature of the swirling flow and of the tangential velocity axial decay through the generated jet expansion [START_REF] Syred | A review of oscillation mechanisms and the role of the precessing vortex core (PVC) in swirl combustion systems[END_REF]. A way to characterize the swirl intensity is the swirl number S, which has to be over 0.5 to generate a strong CRZ. The resulting flame topology, depending on the CRZ shape and wall/flame interaction [START_REF] Guiberti | Impact of heat loss and hydrogen enrichment on the shape of confined swirling flames[END_REF], is of special interest when considering the general heat generation performance and lifetime of a confined burner [START_REF] Syred | Combustion in swirling flows: A review[END_REF]. An increase of the swirl number S above 0.5 implies a length reduction and a width increase of the flame zone until a flat shape is observed when S is greater than 1.4 [START_REF] Gupta | Swirl flows[END_REF].

Considering the heat transfer aspect, in order to reach the optimal thermal to mechanical conversion, the hot source temperature delivered by the combustion system should be as high as possible [START_REF]Réflexions sur la puissance motrice du feu[END_REF]. To our knowledge, no investigation was performed to investigate the heat balance on a metal-fuelled combustion system. Some investigations were presented concerning the radiation of metal solid fuel during combustion but at a very fundamental level. One, carried out by Shoshin et al., was mainly dedicated to the determination of the heat radiation from the combustion of a single particle [START_REF] Shoshin | Integral Radiation Energy Loss During Single Mg Particle Combustion[END_REF].

A circular economy can be achieved when using metal as a fuel, considering that the metal oxide produced can be collected and then reduced using clean primary energy/electricity [3]. Achieving an efficient fuel lifecycle first requires that the mass trapping efficiency of the device must be as close as possible to 100%. Additionally particle emission is one of the major issues of all the available combustion systems even with a clean and renewable fuel such as biomass [START_REF] Schönnenbeck | Combustion of hydrolysis lignin in a drop tube furnace and subsequent gaseous and particulate emissions[END_REF]. This is why the investigation of particles trapping and emission from metal fuel combustion is of great interest. The literature is rare on this subject as most of the previous studies were dealing with metal combustion for spatial applications [20].

The aim of the present study is to develop a metal-fuelled combustion system allowing heat recovery with an efficient particle trapping system. Only magnesium was considered as fuel. The combustion chamber of the system, already presented in the works by Garra et al. [START_REF] Laraqui | Experimental study of a confined premixed metal combustor: Metal flame stabilization dynamics and nitrogen oxides production[END_REF] and Laraqui et al. [START_REF] Syred | Combustion in swirling flows: A review[END_REF], was modified for the need of the present study. Its current design is described in section 2 of the present work. The flame stabilization is now performed in a CRZ promoted by a swirled flow instead of bluffbody stabilisation [START_REF] Laraqui | Experimental study of a confined premixed metal combustor: Metal flame stabilization dynamics and nitrogen oxides production[END_REF]. To our knowledge, metal-swirled flame was never produced before. As no study was already published concerning the heat distribution in such a metal fuel burner which generates a poorly documented amount of radiative energy [START_REF] Shoshin | Integral Radiation Energy Loss During Single Mg Particle Combustion[END_REF], the heat distribution in the overall power generation system was analyzed. This was performed using a watercooled chamber and a heat exchanger. Section 3 gives a detailed evaluation of heat production and exchange in the device.

Particles trapping and emissions were also characterized for an optimized design of the filtration system. No detailed results dealing with particulate matter concentrations in the exhaust flow of a metal combustion engine were already published. The analysis of particles trapping and emissions from metal combustion is developed in section 4. Such an investigation has to be performed to evaluate the work needed to reach current and future pollutants emission standards.

Materials and methods

Metal Fuel and injection system

The experiments were performed using a polydispersed aerosol of pure magnesium powder (purity greater than 99.8%) supplied by Carl Roth as CP20.2 reference. The particle size fraction of 50-70 μm was prepared using a siever RETSCH. Optical microscope image of raw magnesium fuel was presented in [START_REF] Garra | Magnesium/air combustion at pilot scale and subsequent PM and NOx emissions[END_REF]. The obtained size distribution was verified using a laser granulometer Scirocco 2000 M from MALVERN and the Sauter mean diameter for the sieved size fraction was observed equal to 64±2 μm. Solid fuel injection was conducted with a PALAS BEG 1000 type B, which generated the aerosol with the targeted mass flow rate. The mass injection rate was monitored by a KERN FKB 16K0.05 weighting scale. The solid fuel injector based on Venturi aerosol aspiration was widely described in [START_REF] Laraqui | Experimental study of a confined premixed metal combustor: Metal flame stabilization dynamics and nitrogen oxides production[END_REF]. It ensures continuous and homogeneous metal fuel injection even if it is not fully confined.

Metal-air power generation system

The innovative power device used was designed for three main purposes: heat generation through metal combustion, heat recovery and particles trapping. A picture of the combustor is given in Figure 1 to get a better insight on the global system design. The burner head consists of an axial inlet duct directly connected to the aerosol injector, of a wider concentric duct for tangential air injection and of a linked divergent making the flow transition to the combustion chamber (its length is denoted Lcc) with an expansion ratio of 5:1. The swirl generator is composed of four tangential inlets. This type of swirler was chosen for its robustness. It was widely studied in the literature [START_REF] Claypole | The effect of swirl burner aerodynamics on NOx formation[END_REF]. The swirl stabilized metal flame is confined thanks to a double-walled stainless steel pipe denoted here as combustion chamber. Cooling-water flows between the two concentric walls of the combustion chamber in the opposite direction of the gas flow for heat recovery purposes. It is also considered as the primary heat exchanger. The two-phase mixtureheated gas and magnesium oxides particles -is driven through a convergent to the tangential entry of a cyclone separator. A cylindrical duct, designed as an elbow to minimize the size of the system, helps the hot gas flow to get into the secondary heat exchanger. This tubular heat exchanger maximizes the exchange surface between the water and the gas. It was designed to bring down the hot gas to nearly ambiant temperature. The remaining mass of particles at the outlet flow is mainly deposited by sedimentation in an additional exit filtration tank.

2.3.

Set-up and procedures for the thermal characterization The water flowing between the two walls of the combustion chamber and inside the secondary heat exchanger stores the energy lost by the gas along the two ducts. The temperature differences are respectively 𝑇 𝑤,𝑜𝑢𝑡,𝑐𝑐 -𝑇 𝑤,𝑖𝑛,𝑐𝑐 and 𝑇 𝑤,𝑜𝑢𝑡,ℎ𝑒 -𝑇 𝑤,𝑖𝑛,ℎ𝑒 and are monitored using four PT100 probes (±0.1K) at the inlet and outlet of each water circuit. The water mass flow rate in the two independent circuits are respectively 𝑚̇𝑤 𝑎𝑡𝑒𝑟,𝑐𝑐 and 𝑚̇𝑤 𝑎𝑡𝑒𝑟,ℎ𝑒 . They are continuously measured using a GEMS liquid mass flow meter. The power lost in the elbow duct is estimated considering the internal energy loss of the gas flowing through it. The temperature difference 𝑇 𝑔,𝑖𝑛,ℎ𝑒 -𝑇 𝑔,𝑜𝑢𝑡,𝑐𝑐 is obtained by using two Type K thermocouples (precision between ±5 and ±10 K) at the exit of the combustion chamber and at the entry of the secondary heat exchanger, respectively. Due to radial temperature variation (up to 50% of the maximal temperature) at the combustion chamber exit, the thermocouple measuring Tg,out,cc is positioned at r/Rcc=0.2 (where Rcc denotes the combustion chamber radius) in order to get the mean temperature weighted by the gas mass flow through the exit section. A laminar flow was assumed to determine the annular distribution of the air mass flow in the exit section surface. For Tg,in,cc in the case of strong swirl, the mean temperature is overestimated as it is measured at the center of the cross-section of the combustion chamber, while most of the air flow is closer to the walls and is therefore colder. The thermal balance analysis remains unaffected since only the temperature rise of the water in the cooling circuit is used). 𝑚̇𝑔 𝑎𝑠,𝑝𝑐 is the gas mass flow rate after correction taking into account the consumption of a fraction of the oxygen used to produce solid magnesium oxides. This correction is detailed on section 2.4.

The heat balance of the system, using some of the notations presented in Figure 2, can be estimated from the following terms: 

A
The injected power 𝑃 𝑀𝑔 is determined using the mass flow rate of magnesium (see section 2.1) and the specific power of magnesium combustion 𝑝 𝑀𝑔 (24.8 kW.kg -1 ). The specific thermal capacities are denoted cp,x for the fluid or element x under consideration. Pcc and Phe are the powers transferred from the hot gas to the water circulating in the two heat exchangers. Pelbow represents the heat dissipated in the elbow. Pburner head is the heat flux accumulated in the burner head.

The decisive factor for choosing the appropriate duration of the experiment is that which is needed to reach a constant water temperature at the exit of each heat exchanger. This is why the duration of each combustion experiment was approximately 5 min for which a steady-state for heat transfer was reached for the two heat exchangers. However the burner head was still in a heating phase during the experiments, adding a non-stationary term 𝑃 𝑏𝑢𝑟𝑛𝑒𝑟 ℎ𝑒𝑎𝑑 .

𝑑𝑇 𝑑𝑡

is the heating ramp measured with a Type K surface thermocouple positioned on the red dots plotted in Figure 2. The burner head pipes and divergent temperatures were then monitored. The surface temperature was observed to be uniform using a thermal camera imager Testo 885. 𝑃 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 corresponds to the power released by the oxide particles on the uncooled walls when they deposited on them at a rate 𝑚̇𝑀 𝑔𝑂 . Only the particles deposited in the exit cone of the combustion chamber and the cyclone tank were taken into account. A small enough Biot number was verified to make the hypothesis that the particles were at the combustion chamber outlet gas temperature before they deposited. 𝑃 𝑟𝑎𝑑,𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑎𝑐𝑐𝑒𝑠𝑠 is the radiative power emitted through the optical access. It was estimated using a thermopile sensor (OPHIR Laser Power Meter Model 30A).

The flame position was estimated considering the gas temperature evolution along the combustion chamber axis thanks to Type R thermocouples positioned at three axial positions x (L/Lcc) near the entry (x=0, 0.05 and 0.35). At x=0.9, the temperature 𝑇 𝑔,𝑜𝑢𝑡,𝑐𝑐 given by the Type K thermocouple was also considered. The optical access glass was visualized through the thermal camera leading to a further analysis of the flame position. The thermal camera parameters -such as glass emissivitywere set using a surface thermocouple positioned on the glass for calibration.

Set-up and procedures for particles and gas characterizations

The exhaust gas was analyzed for the determination of the equivalence ratio and the variations in gas mass flow downstream the flame.

A paramagnetic X stream Rosemount O2 analyzer was used to determine the residual oxygen content in the gas flow at the outlet of the heat exchanger (see Figure 2). Oxygen content is expressed in %Vol.

Equivalence ratio is used as a reference parameter for comparison of the metal combustion behavior with other fuels. The variation in the gas mass flowrate due to oxygen consumption during combustion is taken into account in the following formula:

𝜑 = %𝑂 2,𝑖 -%𝑂 2,𝑓 100 -%𝑂 2,𝑖 100-%𝑂 2,𝑓 %𝑂 2,𝑖 (9) 
where

100 -%𝑂 2,𝑖 100-%𝑂 2,𝑓
represents the oxygen consumption ratio. This correction allows calculating a final oxygen volume fration based on the same gas volume than that prevailing before the occurrence of the combustion (the one similar to %𝑂 2,𝑖 volume basis).

The oxygen consumption also impacts the heat balance through the post-combustion gas mass flow rate, which is expressed as follows:

𝑚̇𝑔 𝑎𝑠,𝑝𝑐 = 𝑚̇𝑎 𝑖𝑟 (1 -0.21𝜑) (10) 
Particulate Matter (PM) analysis was realized using a Pegasor Particle Sensor (PPS). The PPS returns a current intensity proportional to the mass concentration of particles in the flow. The PPS was developed for the characterization of soot emissions and its principle was detailed in [START_REF] Amanatidis | Application of the dual Pegasor Particle Sensor to real-time measurement of motor vehicle exhaust PM[END_REF]. The main benefit of the PPS is that particle emission is instantaneously and continuously monitored. In the current study, two isocinetic co-axial sampling points (same sampling velocity than gas flow velocity)

were created at the cyclone exit and at the secondary heat exchanger outlets, respectively.

Additionally and for calibration purpose, PM emissions (mg.m -3 ) were determined through a gravimetric method (TSP -Total Suspended Particles). It consisted in sampling the aerosol during 30 s through a filter, which trapped magnesium oxides. The sampling flow rate (m 3 .s -1 ) was set with the flow of a restricted diaphragms pump and calibrated using two methods -bubble mass flow meter and a TSI mass flow meter calibrator model 4046 -both showing strong agreement. The filter is weighed on a balance (KERN ABT 220 5DM, 1 mg precision) before and after the aerosol sampling.

The total mass of solid collected on the filter and the sampling flow rate allows calculating the overall PM emissions.

All the particles deposited in the system were collected, weighed and attributed to each subsystem to get a spatial distribution of the solid products. That allows characterizing the effect of the flow velocity on the filtration system efficiency and on the progressive fouling of the system by MgO.

Numerous analyses were then carried out on the collected particles to characterize their morphology, number and mass size distribution and chemical composition. These observations are necessary to understand, for instance, the nucleation mechanism lying under magnesium oxides production during combustion under different flow configurations. The morphology of the particles was observed using two microscopy techniques: SEM (Scanning Electron Microscopy) and TEM (Transmission Electron Microscopy JEOL ARM-200F). These techniques allowed getting grey scale images of the micrometric size agglomerated oxide particles and grey scale images of the nanometric size elementary oxide particles, respectively. The SEM was used with a complementary EDS (Energy Dispersive Spectroscopy) system to evaluate if other chemical products than MgO are present on the collected particles (magnesium nitrides for instance). XRD characterization of the collected particles was performed using a PANalytical X-ray Diffractometer, model X'Pert PRO. The size distribution of the oxides was obtained in mass and converted to number with the laser granulometer Malvern Scirocco 2000M. Nitrogen physisorption analysis was performed to evaluate the textural properties of the oxides (micro or mesopores) with a Micromeritics ASAP2020. A BET theory was applied on the previous results to get the external surface of a sample and to deduce an average diameter. To reveal the type of powder generated, apparent volume density measurements of the sampled oxides were performed using a volume calibrated pill and were compared to reference values in the Geldart Diagram.

Experimental procedures and conditions

A combustion experiment is composed of three main successive stages: an ignition stage of approximately 20 s, a stabilization phase of approximately 300 s and an extinction phase of 20 s. In the first stage, the magnesium flame is ignited by an oxy-acetylene pilot flame, which was directed perpendicularly to the flow and located at the junction between the divergent and the combustion chamber. The torch nozzle was hidden to avoid any unintended flow disturbance. During this stage, the solid particles injection system potentiometer is set to reach the desired solid mass flow rate of magnesium. The total air mass flow rate is composed of an axial flow and of a tangential flow. Air flow is injected and stabilized before starting the solid injection in the axial flow. After 20 s, the oxyacetylene flame is turned-off. During the second stage, a transition regime for flame stabilization is followed by a steady-state regime of Mg combustion (approximately 10 s). Gas temperatures and emissions response times are quite short and a steady-state regime is reached after approximately 60 s. This is not the case for the inlet gas temperature of the secondary heat exchanger for which a steady state is obtained after 200 s. Once the heat exchange is stabilized, the flame is switched off.

The flame quenching is performed by simultaneous inerting by N2 and interruption of fuel injection.

The total duration of this stage is approximately equal to 20 s.

This study focuses on two swirl type flames and one particle size aerosol (50-70 µm as previously presented in section 2.1). To characterize the intensity of the swirled flames, the geometric swirl number Sg is introduced and calculated considering the following expression [START_REF] Claypole | The effect of swirl burner aerodynamics on NOx formation[END_REF]:

𝑆 𝑔 = 𝑟 𝑜 𝜋𝑟 𝑒 𝐴 𝑡 [ 𝑚̇𝑎 𝑖𝑟,𝑡𝑎𝑛 𝑚̇𝑎 𝑖𝑟 ] 2 (11) 
where 𝑟 𝑜 is the radius of the swirler cylinder (m), 𝑟 𝑒 is the radius of the tangential flow starting from the barycenter of the latter (m), 𝐴 𝑡 the total section of the tangential inlets (m 2 ), 𝑚̇𝑎 𝑖𝑟,𝑡𝑎𝑛 the tangential air mass flow rate (kg.s -1 ). In a first approach, the effect of the combustion on the swirl number was not taken into account in this study, as the two swirl numbers were extremely far from each other and from the critical swirl limits. For comparison, it was demonstrated [START_REF] Feikema | Enhancement of flame blowout limits by the use of swirl[END_REF] that the real swirl number is approximately equal to 0.24 Sg. Considering the geometry of the burner head and the two flow configurations tested, the geometric swirl number for the weak and strong swirls are 0.9 and 8.4, respectively. For the investigation of the thermal balance, each experiment was repeated four times for the two gas flow conditions. For the weak swirl condition, the equivalence ratio ranged from 0.35 to 0.42 with a generated power ranging from 6 to 6.6 kW. For the strong swirl condition, the equivalence ratio ranged from 0.25 to 0.49 and the generated power from 6.6 to 11 kW. The mass balance characterizations were repeated two to three times for the two flow conditions. PM emissions were measured for weak and strong swirls. However, the PPS calibration was realized considering strong swirl conditions, as the isokinetic conditions were precisely respected in this condition. Each sampling point was repeated at least four times.

The pressure fluctuations generated were monitored for each experiment using a pressure converter and sensor JUMO TYP 404 304 with a precision of 1 hPa in the range 0-100 hPa. Data acquisition was performed using a 2-channels 16 bit digital storage oscilloscope Mephisto scope 1 from Meilhaus.

The sampling frequency was 2.5 kHz.

Results and discussion

Swirl stabilized metal flame

To our knowledge, swirl stabilized metal flames were never obtained before this study. Nevertheless, studies of swirl stabilized solid fuel flames were carried out for instance with pulverized coal. The design of the present burner was defined accounting for the design of the swirled low NOx burners with pulverized coal flame [START_REF] Gourichon | Seconde série de données expérimentales sur les flammes de grandes dimensions[END_REF]. The necessity for this mode of flame holding came with the objective of reaching a relatively high power in a small sized burner for transportation application. Indeed, swirl stabilized flames were widely studied in the last decades for their large stability regimes in high speed flow conditions [START_REF] Syred | Combustion in swirling flows: A review[END_REF]. Considering the presented swirl burner, a pulsating flame is visualized similarly to the bluff-body stabilized flame [START_REF] Laraqui | Experimental study of a confined premixed metal combustor: Metal flame stabilization dynamics and nitrogen oxides production[END_REF] and with a frequency around 5 Hz. The occurrence of a PVC could be suspected if particular conditions of swirl number, Reynolds number and equivalence ratio occured [START_REF] Syred | A review of oscillation mechanisms and the role of the precessing vortex core (PVC) in swirl combustion systems[END_REF]. But in the current work, the strong swirl condition (Sg=8.4) is never coupled with Reynolds numbers higher than 10000 in the central region of the burner head so that the fluctuating behaviour of the flame could not be explained by a PVC. The low-frequency instabilities observed are more likely to be originated by the pressure-particle injection interaction coupled with a recirculation zone disturbance, as already explored by Laraqui et al. [START_REF] Laraqui | Experimental study of a confined premixed metal combustor: Metal flame stabilization dynamics and nitrogen oxides production[END_REF]. These pressure variations are of special interest when estimating the total air mass flow rate (through air suction phenomena described in section 2.1) and have typical average values of 50 and 30 mbar in the combustion chamber for strong and weak swirl, respectively. Considering the current study, which was not devoted to the invsestigation of flame instabilities, the main concern was to verify that the total injected metal powder Mg is burnt and fully converted in MgO as there is no complete extinction of the flame. The method used to determine the completion of Mg oxidation was already presented in [START_REF] Laraqui | Experimental study of a confined premixed metal combustor: Metal flame stabilization dynamics and nitrogen oxides production[END_REF]. It allowed checking that the combustion efficiency was near 100% for each experimental condition tested with the current version of the power generation system.

When changing the swirl number, the main differences on the flame topology reported in literature are the flame length and shape [START_REF] Jourdaine | Stabilization Mechanisms of Swirling Premixed Flames With an Axial-Plus-Tangential Swirler[END_REF]. A high swirl number (>0.6) creates a wide and short recirculation zone (flat flame) while a small swirl number (<0.6) creates a more jet-type flame [START_REF] Chigier | Velocity and static pressure distributions in swirling air jets from annular and divergent nozzles[END_REF].

This aspect is interesting if one wants to control the flame position in the combustion chamber and relatively to the burner head. This aspect has to be accounted on the one hand for system lifetime and progressive clogging and on the other hand for heat recovery fraction with the effect on the shape factor for thermal radiation.

In the present study, the two swirl conditions were first examined under the scope of the previously presented theory. Flame position estimation was first carried out using the flame footprint on the visualization glass thanks to the thermal camera as illustrated in Additionnally, the axial evolution of the gas temperature was estimated using four thermocouples located at different positions along the burner axis. The average power for strong and weak swirl conditions are respectively 11±1.4 kW and 6.4±0.3 kW. Figure 4 gives the results obtained for the two swirl conditions and they are consistent with the previous observation.

The maximal temperature of the strong swirl flame is reached between the burner head and the entry of the combustion chamber while that of the weak swirl is reached in the entrance aera of the combustion chamber. A significant clogging of the central injection tube of the burner with magnesium oxides for S g =8.4 and a clogging of the divergent exit of the combustion chamber for Sg=0.9 were observed and were well correlated with the flame position within the combustion chamber as observed by the temperature measurements.

The differences observed for the position of the maximal temperatures obtained with the two experimental techniques can be explained by the cooling effect of the glass sides that moves the maximal temperature to the center. It can be expected from those results that the heat loss on the burner head will be the highest for the strong swirl condition.

Heat exchange efficiency and analysis

The global energetic efficiency of the power device in development has to be analyzed for a future optimization. The energetic analysis of the space distribution of heat is driven by the burner size reduction, which is the main constraint relative to the future mobile application. The effects of flow conditions and power were studied for this outcome. In this case, the particularity of a metal combustion device is the multiplicity of forms the heat is carried in. Indeed, the thermal radiation of the oxide particles plays an important role in the heat production during metal combustion [START_REF] Shoshin | Integral Radiation Energy Loss During Single Mg Particle Combustion[END_REF]. At least four experiments were carried out for each swirl condition for repeatability and to evaluate the effect of the injected power.

The stabilization of the flame as well as the power released by magnesium combustion can be illustrated through the evolution of the equivalence ratio versus time as shown in Figure 5 for two injected powers (7 and 11 kW) at Sg=8.4. The first stiff rise of the curve makes echo to the experimental procedure (described in section 2) as the oxy-acetylenic pilote flame has to be first ignited. The start of powder injection follows and a chunk of magnesium powder generates a second stiff rise of the equivalence ratio. The solid mass flow rate is then maintained constant at a targeted power and the equivalence ratio is also approximately constant as expected. The average equivalence ratio is equal to 0.33± 0.11 for Sg=8.4 and to 0.39±0.03 for Sg=0.9. The heat exchange stabilization process is described on Figure 6 for a typical experiment with Sg=8.4. Gas temperatures in the combustion chamber (Tg,in,cc and Tg,out,cc) rise much faster than the gas temperature at the exit of the elbow (Tg,in,he). The cyclone and elbow are neither water-cooled nor insulated. Consequently, the heat loss is significant in this part of the power generation system. Heat losses reduce as the elbow wall temperature approaches slowly the gas temperature. Hence, Tg,in,he slowly increases and reaches a constant value after approximately 200 s. Tg,out,cc is close to the ambiant air temperature indicating that no heat is left in the exhaust flow. The heat was either lost or recovered along the pipes. As described in section 2.3, heat exchange in the different sections of the power generation system was evaluated using water temperature differences between the inlet and the outlet of respectively the water-cooled walls of the combustion chamber and the secondary heat exchanger and the gas temperature difference for the heat loss in the elbow. Temperature differences considered for the estimation of the heat balance were obtained once the system reached a stabilized regime. The power fractions gathered in Figure 7 and Figure 8 are properly repeated in the eight experiments and some key observations can be made. A large part of the energy released by the flame is located in the combustion chamber, the injection head and radiated through the observation window of the chamber. It corresponds to 50 and 55% of the overall energy produced by Mg combustion for the strong and weak swirls, repectively. Considering the gas temperature difference in the combustion chamber, one may quantify the energy transfer through heat convection (Figure 6). The other part of the energy is supposed to be transferred to the water counter-flowing in the combustion chamber by thermal radiation of the oxide particles. This information can hardly be extrapolated to a total radiative energy and be compared with theory, as the shape factor between the flame and the combustion chamber cylinder is not known to deduce a radiative flux density of the flame. However, for the weak swirl condition, showing very small deviations on the equivalence ratio and injected power, the cumulation of injection head and visualization glass power fractions with the deduced radiation part in the combustion chamber allows a coarse estimation of the radiative part of 45% of the total injected power.

The remaining fraction of the energy recovered in the system is equally distributed between the heat exchanger, the elbow, the optical access and the injection head. The last fraction denoted as particles corresponds to an estimation of the heat loss due to particle deposits in the cone/cyclone and this energy fraction is small compared to the other ones (see details in section 2.3.). Figure 9 gives the mean power distribution for each swirl numbers, which were calculated from the results presented in Figure 7 and Figure 8, respectively. The reliability and data uncertainty of the experiments may be estimated from the standard deviations of each power fraction. The standard deviations ranges from 0.1% to 3% for both Sg=0.9 and Sg=8.4. As shown in Figure 9 through the error bars, the dispersion is rather small considering the number of the required parameters for the estimation of the energy balance. Figure 9 allows to evaluate the effect of the swirl number on the heat recovery and also to estimate the current energy recovery efficiency. The main difference observed is located in the combustion chamber where the strong swirl allows recovering less energy than the weak swirl. Part of this difference can be explained by the flame location inside the combustion chamber, which is different for the two swirl conditions. The flame is located closer to the burner head for Sg=8.4 and consequently the fraction of radiative power collected by the injection head is higher in this case compared to the conditions prevailing for Sg=0.9. The larger fraction of power dissipated in the injection head for Sg=8.4 confirms this assumption. The total amount of the collected power in the system reaches around 80%. Hence 20% of the total energy is missing in the energy balance. This difference may be partly explained by the transient regime. The system is composed of multiple metallic parts which have to be heated-up by the power dissipated by the flame (see Tg,in,he on Figure 6). A fully steady-state regime was not obtained at the end of each experiment. For instance, the injection head, due to its relatively high thermal inertia and its proximity to the flame, is always under an unsteady state a thermal regime during the experiments.

If such a transient regime is accounted for the injection head considering eq. 7, this is not the case for the other parts of the system. Another reason may be attributed to an overestimation of the injected power based on the mass flow rate of particles that leave the injection system. 

Particulate matter trapping and characterization

The particle and gas emission characterization, trapping and reduction are all challenging for the development of such a new combustion system. On the one hand, there is a necessity to be in agreement with the future emissions standards for vehicles especially in terms of particle emissions.

On the other hand, all the metal oxides particles produced must be trapped inside the system for an optimal circular economy. Indeed, the yield of metal regenerated using renewable energy will depend on the metal oxide trapping efficiency. The primary objectives thus consist to highlight and understand the parameters, which influence the particle formation as well as their deposition and filtration in the system. For the trapped particles characterization, their size and mass distribution along the power generation system, their shape and type of agglomeration are key parameters, which have to be investigated in details.

The oxide particles deposits were completely collected in each subsystem for the two swirl conditions, to perform the mass distributions presented on Figure 10. It can be highlighted first that the combustion chamber and the cyclone act in a complementary way to reach a mass trapping efficiency of approximately 80% for both swirl conditions. The reduction of the fraction of mass collected in the combustion chamber for Sg=8.4 may be explained by an increase of the mean speed that reduces the sedimentation and radial deposits. A higher mass is then trapped by the cyclone because of a higher mass load entering it by the tangential inlet. Indeed, approximately the same mass proportion is transferred from the chamber to the cyclone (30%). A higher speed in the entry of the cyclone for Sg = 8.4 (17 m.s -1 compared to 10 m.s -1 ) could also induce a higher filtration efficiency in the cyclone but this assumption was finally unvalidated as the mass trapping never exceeded 80% whatever the inlet gas velocity. As complementary information, the particle load produced by the flame approximately takes the same value for each experimental condition tested due to very close equivalence ratios (approximately 0.4). Metal oxide also deposits in the heat exchanger, elbow and further in the exit filtration (using sedimentation technique), such that a global trapping efficiency of 98% on average is achieved for the two swirl conditions. This result indicates that, if global the mass trapping efficiency is not a limiting parameter for a circular fuel cycle where all the MgO is regenerated back to Mg, the current cyclone design needs to be revisited. The remaining 2% represents a high mass particle concentration considering the air emission standards. This is adressed and investigated further in this section. The fact that the mass trapping efficiency of the cyclone and the combustion chamber together never exceeded 80% may be explained by the cyclone cut off diameter. Hence laser granulometer technique was used to determine the size distribution of the collected oxide particles to verify this assumption. It was first verified to not modify the results by any kind of agglomerates breaking through vibrations. Figure 11 and Figure 12 show the mass and number fraction distribution of the oxides deposited in the three sections of the device for Sg=0.9: combustion chamber, cyclone and exit filtration. Both highlight that the sample collected on the wall of the combustion chamber has a mean diameter slightly bigger (d(0.5)=17 µm) than the two other sections (d(0.5)=10 µm), mainly because of the sedimentation and radial deposits of larger particles. Additionaly, as shown in Figure 12, a singular inflection appears at d=40 µm and larger particules are detected for the sample collected in the combustion chamber. Such behaviour is not observed for the samples collected in the cyclone and at the filtration exit. The particles with diameter greater than 40 µm are mostly due to sintering effects on the walls because of high temperatures and of the flow pressuring on the oxide deposited layer leading to large agglomerates when the particles are collected. That phenomenon tends to increase the d(0.5) value. The mass fraction distribution was d(0.5)= 13±3 µm whatever the flow condition and the location where the sample was collected. d(0.5)= 0.5±0.1 µm was obtained for the number distribution. Unsurprisingly, these nanoscopic particles are the consequence of vapor-phase combustion which is known to be the combustion mode for magnesium particles due to their high volatily and flame temperature [START_REF] Legrand | Ignition and combustion of levitated magnesium particles in carbon dioxide[END_REF]. However, expectations for the size evolution of the collected particles along the power generation system were a strong decrease of the mean diameter when going downstream the system. The results presented in Figure 11 and Figure 12 obviously contradicts this assumption. Then rises an interrogation: are they single crystalised particles or agglomerates? A hypothesis is that some submicron and nanometric particles are weakly agglomerated into micron-sized particles when deposited on the walls of the system. SEM image shows in Figure 13 micrometric particles that seem to be porous ones with fine branches and consequently with a low apparent density. Complementary EDS were also performed on these samples and this analysis confirmed that no other atoms than Mg and O composed the particles.

Additionaly, DRX analysis of the collected particles indicated that they are only composed of MgO with characteristic peaks at 2=36.5, 43 and 63. SEM magnifying did not allow to observe smaller particles than micrometric ones. TEM images, presented in Figure 15, show cubic particles of sizes ranging from 10 nm to around 1 µm. The cubic shape is in agreement with previous observations. For instance, the particles deposits in a spherical vessel were analyzed by Lomba et al. [START_REF] Lomba | Comparison of Combustion Characteristics of Magnesium and Aluminum Powders[END_REF] after the explosion of aerosols consisting of metalic powders. SEM pictures were performed on the MgO particles produced: cubic and rod shaped crystals were observed in agreement with the theoretical knowledge on magnesium oxide cristallisation [START_REF] Geysermans | Combination of (100), (110) and (111) facets in MgO crystals shapes from dry to wet environment[END_REF]. Their size ranged from 200 nm to 1 μm. In Figure 13, the transparency indicates mostly weakly agglomerated particles with very few cristallised links between them. Then, most of the micron-sized agglomerates are probably formed after the deposition of MgO crystals on the walls with some electrostatic or sintering effects. This effect may be at the origin of an uniformization of the size distribution along the system. However, laser granulometry results presented in Figure 12 indicate a slightly preferential deposition of large particles in the chamber, meaning that some agglomerates could be formed also from collisions between MgO crystals in the gas phase. This is not surprizing for such a turbulent (swirl shear layers) and relatively high particle loaded flow.

N2 adsorption/desorption diagnostic for external surface determination of the powder helped with the verification of the number distribution mean diameter. An external surface of approximately 8 m 2 .g -1 was measured and, considering the hypothesis of only cubic particles, the mean edge length of the cubes was deduced to be 200 nm. This calculation comes in support of the results obtained with the laser granulometry and microscopy. From a macroscopic point of view, the apparent density of the agglomerates may affect the volume needed to carry them on board for a mobile application. Measurements of the apparent density of the powder were carried out using a calibrated volume. A value of approximately 100 kg.m -3 was obtained. Hence the magnesium oxide is as a cohesive powder according to the Geldart Diagram. Such a very low apparent density is consistent with the previous microscopic observations.

The volume taken by the magnesium atoms in the MgO powder is then eleven times higher than that of the fresh fuel. Nevertheless, a pressure of approximately 300 mbar applied manually with a small piston cylinder on the powder allows to reach 60% the initial magnesium powder apparent density. 

Conclusion

Completely new information about the development of an original combustion system with a swirled stabilized metal flame is presented in this work. The characterization of the solid product of the combustion is analyzed both with a global mass balance and a microscopic analysis. A large part of the metal oxides produced -98% -is trapped in the combustion, chamber, cyclone and heat exchanger. The distribution of the metal oxides deposition inside the system depends on the swirl number. MgO collected particles may be classified as cohesive particles. The observed MgO crystals were cubic and nanometric (from 10 to 1000 nm). TEM pictures showed that the micron-sized particles are weakly agglomerated (sintering effect) nanometric cubes with some very few crystallisation links between them. The particles agglomerate after they deposit into an identical size distribution. Measurements outside the exit filtration showed MgO emissions of approximately 6 g m -3 . The energy analysis gives a proof of concept for collecting the heat released by the metal flame inside the system. The total amount of measured power in the system reaches around 80% of the injected power. Approximately half of the energy produced by the metal flame is recovered on the combustion chamber and the injection head thanks to important flame radiation.

If power generation using swirl stabilization of a magnesium flame was proven to be reliable, one should now consider deeply the reduction of the solid and gaseous products emited at the exhaust.

The current filtration system is at a first stage of development and it will be further improved with a design made for submicron and nanoparticles trapping. For NOx emission abatement, the benefit of an exhaust gas recirculation will be tested in further work.
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Consequently, the storage of the solid combustion product would be feasable for the end-use application.

Particles content in the exhaust flow was investigated for Sg=8.4 using two methods: a gravimetric measurement and a PPS sampling. The two methods described in section 2.4 were used alternatively at the cyclone and heat exchanger exits. A calibration relation was highlighted as showed in Figure 16 so that emission measurements could be performed by continuous analysis of the particle emissions by the PPS. X-axis error bars are related to the uncertainty of the sampling flow measurement; Y-axis error bars are related to the signal noise of the current intensity measurement. The measured concentrations with the gravimetric method presented in the Y-axis of the Figure 16 can be verified in a relative way, comparing their evolution with the mass collection evolution showed in Figure 10.

The latter is in agreement with the measured concentration, as half of the mass going out of the cyclone (approximately 26 g.m -3 ) is going out of the heat exchanger (approximately 14 g.m -3 ). After calibration, the PPS was used to monitor the particle emission at the exhaust of the overall system. This measurement is crucial to get an idea of the efficiency of the primary mass filtration system implemented on the prototype. Approximately 6 g.m -3 is emitted at the exhaust with the current filtration system which doesn't include yet nanoparticles filtration.