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The maximum explosion overpressure and the maximum rate of pressure rise, which characterize the dust explosion severity, are commonly measured in apparatuses and under specific conditions defined by international standards. However, those standards conditions, designed for micropowders, may not be fully adapted to nanoparticles. Investigations were conducted on different nanopowders (nanocellulose, carbon black, aluminum) to illustrate their specific behaviors and highlight the potential inadequacy of the standards. The influence of the sample preparation was explored. Various testing procedures were compared, focusing on the dust cloud turbulence and homogeneity. Dust dispersion experiments evidenced the importance of the characterization of the dust cloud after dispersion, due to the fragmentation of agglomerates, using metrics relevant with nanoparticles reactivity (e.g. surface diameter instead of volume diameter). Moreover, the overdriving phenomenon (when the experimental results become dependent of the ignition energy), already identified for micropowders, can be exacerbated for nanoparticles due to their low minimum ignition energy and to the high energy used under standard conditions. It was evidenced that for highly sensitive nanopowders, pre-ignition phenomenon can occur. Finally, during severe explosions and due to a too long opening delay of the 'fast acting valve', the flame can go back to the dust container.

Introduction

The small size of nanomaterials implies that they develop a high specific surface area, increasing the material reactivity and inducing original properties [START_REF] Jeevanandam | Review on nanoparticles and nanostructured materials: history, sources, toxicity and regulations[END_REF].

Therefore, although some authors already discussed the validity of the current methods to evaluate the flammability and explosivity of microparticles [START_REF] Dahoe | Dust explosions in spherical vessels: The role of flame thickness in the validity of the 'cube-root law[END_REF][START_REF] Proust | Measuring the violence of dust explosions with the "20L sphere" and with the standard "ISO 1m3 vessel": Systematic comparison and analysis of the discrepancies[END_REF][START_REF] Van Der Wel | Turbulent hydrodynamic stress induced dispersion and fragmentation of nanoscale agglomerates[END_REF][START_REF] Zhen | Effects of ignitors and turbulence on dust explosions[END_REF], special precaution should be taken when evaluating nanoparticles explosion characteristics (Di Benedetto et al., 2019). Indeed, the very same methods established for microparticles are used to assess the explosion severity of nanoparticles, whereas their specific behavior might enhance the discrepancies already encountered when applying those methods to microparticles and might induce application limitations. Among all the standards and guidelines concerning dust explosion [START_REF] Zalosh | Dust explosions: Regulations, standards, and guidelines[END_REF], the explosion severity is generally evaluated either in a 1 m 3 vessel or in a 20-L sphere (ISO/IEC 80079-20-2, 2016) according to ASTM E1226 (2019) or more conventionally according to EN 14034 standards (EN 14034-1, 2004;EN 14034-2, 2006). These documents specify the operating conditions to apply during the test, notably the type of nozzle, the ignition delay time, the ignition source and energy, the sample preparation and the dispersion procedure. Since explosion tests are generally performed in the 20-L sphere in safety laboratories, this work mainly focuses on this apparatus, relying on the guidelines of the standard manufacturer [START_REF] Cesana | Manual for 20-l-Apparatus[END_REF]. It should be underlined that testing conditions are usually different than industrial conditions [START_REF] Eckhoff | Use of closed-bomb tests for predicting violence of accidental dust explosions in industrial plants[END_REF][START_REF] Tamanini | Turbulence effects on dust explosion venting[END_REF] and that the obtained values must be used as references for protection equipment design instead of absolute values necessarily reached during an accident. Once again, such discrepancies may be increased when dealing with nanopowders. In introduction, the general procedure used to determine the explosion characteristics of micropowders will be recalled and some points requiring a thorough attention will be described, whereas the rest of this article will focus on the applicability of these test procedures to nanoparticles.

Preliminary characterization: what the standards say

The dust sample must be tested as received and European standards EN 14034 stipulate that both the moisture content and the particle size distribution 'shall be determined for the sample as tested and given in the test report'. However, in the absence of special precaution, the moisture content of the received powder and the testing atmosphere humidity may be different than in the industrial process, which would lead to a misestimation of the explosion severity.

Indeed, [START_REF] Traoré | Dust explosions: How should the influence of humidity be taken into account?[END_REF] highlighted that moisture content and atmosphere humidity can either enhance or inhibit the combustion reaction depending on the product nature, notably through possible hydrogen generation for metal dusts. Furthermore, the moisture content of the powder can also impact the agglomeration state, thus modifying the particle size distribution (PSD) of the dust.

As previously quoted, the particle size distribution of the sample should also be determined, but without any instruction on the method to apply. For instance, it can be estimated by wet dispersion, which is convenient but of limited interest when testing the explosivity of a dust cloud in air. Moreover, when testing fine powders, the PSD after dispersion may be different from the initial PSD due to the fragmentation of the agglomerates [START_REF] Eckhoff | Dust Explosions in the Process Industries: Identification, Assessment and Control of Dust Hazards[END_REF]. A note in international standards (EN 14034-1, 2004;EN 14034-2, 2006) specifies that, if the size of the particles can be reduced by the dispersion process and if 'this effect may be important', the particle size distribution after dispersion (without ignition) should be evaluated. However, no critical particle size is given to indicate when this additional characterization is required and no method is recommended to perform it, whereas each measuring procedure (wet or dry measurement, dispersing system, solvent…) develops a specific fragmentation efficiency.

Although the most accurate way would be to measure the PSD after dispersion directly in the sphere at the exact time and place of ignition (Santandrea et al., 2019a), this determination remains difficult due to the opacity of the original apparatus.

Dust dispersion: what the standards say

After being placed in a dust container, the sample is pressurized with dry air at high pressure (20 bar gauge). A valve, separating the container from the explosion chamber, is then automatically opened, dispersing the powder through a nozzle. Considering the EN 14034-1&-2 standards, the valve can be either a fast acting valve activated by a blasting cap or an electro-pneumatic valve. In the first case, the valve shall be designed to be opened in less than 10 ms; in the second case, the opening time of the electrovalve shall be lower than 100 ms.

The dust disperser proposed by the EN 14034-1&-2 standards is a semi-circular spray pipe fitted with 13 holes of a diameter of 6 mm. However, alternative nozzles are presented in annex: a 5 mm perforated semi-circular spray pipe, a dispersion cup and the commonly used rebound nozzle (EN 14034-1, 2004;EN 14034-2, 2006).

Several studies highlighted the influence of the nozzle on the turbulence level within the chamber and on the dust cloud homogeneity (Dahoe et al., 2001a;[START_REF] Murillo | Proposal of a new injection nozzle to improve the experimental reproducibility of dust explosion tests[END_REF]. [START_REF] Siwek | Reliable determination of the safety characteristics in 20-l apparatus[END_REF] and Dahoe et al. (2001a) proved that the dispersion dynamics and the turbulence level obtained at 60 ms, i.e. the ignition delay time recommended by international standards in the 20-L sphere, can be different when using the rebound nozzle or the perforated dispersion ring, especially for dusts showing cohesive properties (e.g. cellulose, starch). For non-spherical dusts, the dust dispersion and, especially, the spatial distribution of turbulence, can also be affected by the shape of the dust particles (Di Sarli et al., 2019). As a consequence, various authors proposed alternative dispersion nozzles designed to favor the homogeneous distribution of the diphasic flow (Dahoe et al., 2001a;[START_REF] Murillo | Proposal of a new injection nozzle to improve the experimental reproducibility of dust explosion tests[END_REF][START_REF] Wu | A new 20 L experimental vessel for dust explosion and measurement of local concentration[END_REF][START_REF] Yao | Analysis of dispersion behavior of aluminum powder in a 20 L chamber with two symmetric nozzles[END_REF][START_REF] Zhang | Effect of ignition delay on explosion parameters of corn dust/air in confined chamber[END_REF]. Therefore, explosion severity characteristics obtained are directly dependent on the choice of the nozzle for a specific ignition delay time.

Ignition delay time: what the standards say

As previously noted, the delay between the beginning of the dust injection and its ignition is called ignition delay time or tv. It is one of the most important parameter to consider when evaluating the dust explosion severity, as it directly influences the initial turbulence in the vessel [START_REF] Amyotte | Effects of turbulence on dust explosions[END_REF]. [START_REF] Murillo | Proposal of a new injection nozzle to improve the experimental reproducibility of dust explosion tests[END_REF] highlighted the existence of three stages when regarding the evolution of the turbulence with time: a high turbulence from 0 to 50 ms, a transition stage between 50 and 120 ms, and a stability stage from 120 ms. Then, it appears that the fixed ignition delay time of 60 ms is located in the transition stage, meaning a small variation in the ignition delay time can greatly impact the turbulence level, and thus the explosion severity. Indeed, some studies evidenced that the maximum rate of pressure rise decreases when increasing the ignition delay time, i.e. decreasing the turbulence level (Dahoe et al., 2001a;Santandrea et al., 2019b). A similar trend was observed by [START_REF] Eckhoff | The use of the Hartmann bomb for determining Kst values of explosible dust clouds[END_REF] in the 1.2L Hartmann bomb. Furthermore, the ignition delay time in the 20-L sphere was initially set at 60 ms to obtain the same turbulence properties than in the 1 m 3 with an ignition delay time of 600 ms, which is disproved by several authors (Dahoe et al., 2001b;[START_REF] Pu | Turbulence effects on dust explosions in the 20-liter spherical vessel[END_REF][START_REF] Van Der Wel | Turbulent hydrodynamic stress induced dispersion and fragmentation of nanoscale agglomerates[END_REF]. As a consequence, since the commonly used cube-root law validated by [START_REF] Bartknecht | Dust-explosions: course, prevention, protection[END_REF] and [START_REF] Siwek | 20-l Laborapparatur für die Bestimmung der Explosionskenngrößen brennbarer Stäube[END_REF] was based on results obtained at different turbulences and homogeneity conditions, Dahoe et al. (2001b) claim that this law should be abandoned and replaced by a more fundamental approach.

Ignition energy: what the standards say

Two chemical ignitors, 'each having an energy of 5 kJ', are used to ignite the powder.

Piezoelectric sensors then record the pressure evolution with time, giving access to the overpressure Pm and rate of pressure rise (dP/dt)m for each test.

Contrary to the approach used to design the dispersion nozzles, the ignition energy of 10 kJ used in the 1 m 3 was directly applied to the 20-L sphere without any adjustment. This excessive amount of energy often impacts the flame propagation in the 20-L sphere, due to its small size with regard to the 1 m 3 vessel. This phenomenon, called 'overdriving', leads to the overestimation of the overpressure [START_REF] Going | Flammability limit measurements for dusts in 20-L and 1-m3 vessels[END_REF][START_REF] Zhen | Effects of ignitors and turbulence on dust explosions[END_REF]. In addition, it should be noticed that a so-called 'underdriving' phenomenon can also be observed in the 20-L sphere due to walls effects, which tends to decrease the flame temperature, and thus the overpressure and rate of pressure rise values [START_REF] Dastidar | Dust explosions: Test methods[END_REF].

1.5. Specific standards for nanopowders?

The previous considerations were done focusing on the behavior of micropowders and, at present, no standard exists describing a specific protocol for the determination of the explosion severity of nanopowders. Nevertheless, recent provisions for protocols concerning explosivity and flammability assessment for powders containing nano-objects were released in the Technical Specification CEN/TS 17274 (2018) edited by CEN TC 352/WG3/PG3.

However, although these guidelines recommend special care when testing nanomaterials due to their high sensitivity, no apparatus or procedure modification is proposed. For instance, very reactive samples should be stored and transported 'under partial vacuum conditions or under argon or any inert preferably nontoxic fluid' and the type of package should be reported (CEN/TS 17274, 2018), but the concern of potential pre-ignition when testing those very reactive materials is not addressed. On a similar way, the guidelines specify that the particle size distribution of powders containing nanoparticles should be characterized '(d10%, d50%, d90%) by any suitable method in terms of volume, number'. Thus, once again, no specific method is recommended and no mention of a characterization of the dust cloud, i.e. after dispersion, can be found. Moreover, as clearly stated by [START_REF] Eckhoff | Does the dust explosion risk increase when moving from µm-particle powders to powders of nm-particles?[END_REF], even if a 'perfect dispersion' should be achieved, the PSD of nanopowders cloud will not be unimodal and located in the nano-range due to the extremely fast agglomeration process, which would inevitably occurred within fractions of a second. Nevertheless, it should be underlined that, at present, no measurement technique can actually determine the PSD of nanopowders and its agglomerates over a range from a few nanometers to hundreds of micrometers with a satisfactory acquisition frequency.

This work focuses on some important aspects to be considered when evaluating nanoparticles flammability and explosivity. Several examples involving different types of powder (aluminum, carbon black and nanocellulose) are then presented to highlight some testing issues and to propose possible solutions. Thus, the effects of the dispersion nozzle on the particle size distribution, the influence of the powder and atmosphere moisture content on the explosion severity and combustion gases composition, as well as the impact of turbulence of the explosion severity of nanopowders were evaluated. Moreover, the overdriving phenomenon and the observation of a 'pre-ignition' phenomenon in the dust container when testing aluminum powders were investigated.

Materials and methods

The previously mentioned parameters (turbulence, ignition energy…) can affect dust explosion severity depending on the nature of the powder and its properties. Thereby, the 'most suitable' operating conditions can greatly depend on the nature of the dust. Therefore, three powders, representing the most common types of combustible dust, were chosen and studied: a metal compound: aluminum, carbon black and an organic compound:

nanocellulose. Although the primary particle diameter of each powder, specified by the suppliers, is in the nano-range, nanoparticles tend to agglomerate to form clusters of several micrometers diameter as presented in Figure 1. Since the dispersion procedure can partially break those agglomerates, thus modifying the actual particle size distribution within the chamber, the powder was characterized before (by sedimentation) and after dispersion in the 20-L sphere (Table 1). This characterization was performed with a laser diffraction sensor (Sympatec) measuring particle sizes from 0.5 to 175 µm up to 2 analyses per millisecond, coupled with a visualization 20-L sphere equipped with windows, described by [START_REF] Murillo | Proposal of a new injection nozzle to improve the experimental reproducibility of dust explosion tests[END_REF]. If this equipment is adapted to highlight the presence of the agglomerates and the existence of a fragmentation phenomenon, it is obviously not suitable for nanopowders observation. Nevertheless, additional tests were also carried out with the same sensor equipped with a R1 lens (0.1 -35 µm range) and a Scanning Mobility Particle Sizer (SMPS)

to identify the presence of particle with diameter lower than 500 nm in the sphere. For aluminum, carbon black and nanocellulose, these tests clearly confirm the existence of nanoparticles with dimensions ranging from 40 to 400 nm after dispersion [START_REF] Santandrea | Knock on nanocellulose': Approaching the laminar burning velocity of powder-air flames[END_REF].

As a consequence, if agglomerates of several micrometers are still present after dispersion, agglomerates and particles in the nano-range are also measured. Due to the high ratio surface/volume of nanoparticles and the combustion reaction occurring at the surface of the particles depending on the reaction regime, the surface fraction was considered instead of the usual volume fraction when analyzing the particle size distribution of nanoparticles.

Moreover, when considering the volume fraction, the high volume of big agglomerates tends to occult the presence of smaller nano-agglomerates. Thus, the volume fraction measured by the apparatus was converted into a surface fraction using the equivalent volume diameter (Figure 2). It is then essential to not only characterize the particle size distribution after dispersion, but also to choose the right metrics. It appears in Table 1 that a strong fragmentation occurs during the dust injection within the 20-L sphere, decreasing the mean volume diameter d50 by 80% to nearly 90%. These results confirm that the injection procedure will impact the PSD and that it is important to evaluate the particle size distribution after dispersion for a better estimation of the explosivity of nanopowders.

Explosion tests were performed in a conventional and calibrated 20-L sphere [START_REF] Bartknecht | Dust-explosions: course, prevention, protection[END_REF] under different conditions, modifying the ignition delay time, the atmosphere humidity, the nozzle or even the dust dispersion procedure. Unless stated otherwise in the text, explosion tests were carried out with an electro-pneumatic valve and the rebound nozzle. In each case, the particle size distribution and explosion characteristics, maximum overpressure and maximum rate of pressure rise, were systematically compared to those obtained under standard conditions. 'For testing, the dust is dispersed into the sphere from a pressurized dust container via the fast acting valve and a rebound nozzle' (EN 14034-1-2, 2004;[START_REF]Determination of explosion characteristics of dust clouds -Part 1: Determination of the maximum explosion pressure Pmax of dust clouds[END_REF].

The influence of the dispersion system, including the outlet valve, on the PSD and homogeneity of the dust cloud greatly depends on the nature of the powders [START_REF] Bagaria | Effect of dust dispersion on particle integrity and explosion hazards[END_REF][START_REF] Sanchirico | Effect of the nozzle type on the integrity of dust particles in standard explosion tests[END_REF]. If this statement is true for microparticles, it is probably even more significant for nanoparticles. Indeed, due to their strong Van der Waals interactions, nanopowders exhibit agglomeration phenomenon [START_REF] Eckhoff | Does the dust explosion risk increase when moving from µm-particle powders to powders of nm-particles?[END_REF] and these structures tend to break during their dispersion, widening the particle size distribution [START_REF] Bagaria | Effect of dust dispersion on particle integrity and explosion hazards[END_REF][START_REF] Bouillard | Ignition and explosion risks of nanopowders[END_REF]. The inertial effects are obviously weaker on a nanoparticle than on a microparticle or an agglomerate which leads to segregation phenomenon and modifies the dispersion dynamics. [START_REF] Van Der Wel | Turbulent hydrodynamic stress induced dispersion and fragmentation of nanoscale agglomerates[END_REF] showed that nanoparticles and microparticles exhibit different dispersion properties and that no complete dispersion of primary particles can be achieved. They concluded that, consequently, nanopowders need a different design of dispersion processes.

First of all, tests were performed on carbon black (Table 1) to highlight the influence of both the injection procedure and the outlet valve. PSD measurement were then performed under different conditions: a standard injection with the rebound nozzle, a standard injection without nozzle, and a 'dust lifting' without nozzle. In this latter configuration, the dust is placed directly at the bottom of the sphere and does not undergo the pressurization step in the 0.6 L chamber nor the injection through the electrovalve. It appears in Figure 3 that the dispersion by dust lifting without nozzle presents fewer fine particles (< 3 µm) than the dispersion by standard injection through the electrovalve, with or without nozzle. Then, it seems that an important part of the fragmentation of the agglomerates is not related to the presence of the rebound nozzle but occurs during the injection within the sphere, which was already confirmed by [START_REF] Kalejaiye | Effectiveness of dust dispersion in the 20-L Siwek chamber[END_REF] and to a lesser extent [START_REF] Bagaria | Effect of dust dispersion on particle integrity and explosion hazards[END_REF]. However, the latter authors also stressed that the cloud turbulence and dispersion nozzle play a major role in particle breakage, in particular in their 36-L explosion apparatus. To sum up, it seems that the high shear stress induced by the pressure difference between the combustion chamber and the pressurized dust container is one of the main causes of the agglomerate breakage and that the 'standard' rebound nozzle does not appear to play a main role in this phenomenon. However, its contribution is critical in terms of dust cloud homogeneity. Therefore, several nozzles were proposed to improve the dispersion homogeneity in the 20-L sphere (Dahoe et al., 2001b;[START_REF] Murillo | Proposal of a new injection nozzle to improve the experimental reproducibility of dust explosion tests[END_REF]. [START_REF] Murillo | Proposal of a new injection nozzle to improve the experimental reproducibility of dust explosion tests[END_REF] notably highlighted that, even though the standard rebound nozzle leads to the most conservative results, the better cloud homogeneity obtained thanks to their symmetric nozzle leads to a better reproducibility and a better accuracy of the safety parameters. However, such dispersion procedure is not consistent with the dispersion of powder layers by a turbulent flow or dust lifting in an enclosed conveyor, for instance. The most representative procedure would then be to place the powder directly in the explosion chamber. However, the efficiency of the dust dispersion varies with the dust density and agglomeration level, which limits the reliability of the procedure. [START_REF] Krietsch | Modified setup of 20-l-sphere for the determination of safety characteristics of nano powders[END_REF] although used this dispersion method to evaluate the explosion severity of very sensitive metallic nanopowders in the most critical conditions, i.e. minimizing the oxidation of the powder before the explosion tests. The powder was then placed in the explosion chamber to avoid pre-ignition during the pressurization and injection. To adequately disperse the dust within the vessel, a new 'mushroom nozzle' was designed, as a potential alternative to the standard rebound nozzle [START_REF] Krietsch | Modified setup of 20-l-sphere for the determination of safety characteristics of nano powders[END_REF].

Although dust lifting corresponds to representative conditions in industries, other dispersion ways can be considered. In particular, a crack can appear on a pressurized pipe, thus inducing a very high shear stress which may break agglomerates. To assess the PSD modification and the explosion severity under such conditions, a new nozzle presented in Figure 4 was designed. It is constituted of a cylinder of 40 mm high and 26.7 mm diameter, that ends by a half-sphered shape equipped with a linear slot of 3 mm on 17 mm. Obviously, trying to get a homogeneous cloud in the sphere with this type of nozzle is illusory. Subsequently, a second nozzle was designed to evaluate the fragmentation of agglomerates passing through a similar nozzle with the same ejection surface more uniformly distributed. This second nozzle, represented in Figure 5, is equipped with two series of eight circular holes of 2 mm diameter, can be compared to that developed by [START_REF] Zhang | Effect of ignition delay on explosion parameters of corn dust/air in confined chamber[END_REF], which leads to homogeneous dispersion in the explosion vessel. In situ PSD measurements were performed on nanocellulose (Table 1) with the different nozzles and compared to the measurements obtained with the rebound nozzle (Figure 6).

Despite a different signal intensity, the two new nozzles lead apparently to a similar particle size distribution, with a slight shift toward small particles when compared to the standard rebound nozzle. Even if it is difficult to assess without knowing the whole PSD, the fragmentation induced by the two new nozzles seems stronger than with the rebound nozzle, although the dust cloud is less homogeneous due to the vertical shape of the new nozzles.

Indeed, whereas the mean diameter d50 obtained with the rebound nozzle is stable a few milliseconds after dispersion, it stabilized only 80 ms after dispersion with the two other nozzles. The high turbulent kinetic energy generated by such nozzles can also be responsible of re-agglomeration after a few milliseconds as shown by the apparition of a second peak around 20 µm.

Figure 6. Effect of the nozzle on the particle size distribution of nanocellulose particles after 60 ms

Explosions tests were also performed on nanocellulose (Table 1) in standard conditions, apart from the nozzle variation. The different turbulence conditions along with the different homogeneity and PSD impact the explosion severity, as presented in Table 2. Although the number of tests performed is too small to obtain a reliable margin of error for the new nozzles, it appears that similar maximum overpressures were obtained in each case, implying that equivalent amounts of dust reacted during the explosion. However, the maximum rate of pressure rise increases of about 37% when using these new nozzles (perforated and slotted), which traduces an impact on the reaction kinetics and flame propagation dynamics. As the impact of the new nozzles on the PSD of the dust cloud exists, but does not apparently seem to be significant, such rise of explosion severity may be attributed to an increase of the turbulence at 60 ms. Finally, the standardized procedure applied for dispersing nanopowders in the 20-L sphere does not automatically lead to conservative results. As previously mentioned, some nanoparticles exhibit very low ignition energy, sometimes even lower than 1 mJ [START_REF] Wu | Explosion Characteristics of Aluminum Nanopowders[END_REF]. However, even for such powders, the standard ignition energy needed to perform explosion tests in the 20-L sphere is 10 kJ (EN 14034-1, 2004;EN 14034-2, 2006). This large difference of energy can lead to an overdriving phenomenon, which is already known to occur for microparticles and artificially increases the explosion severity [START_REF] Going | Flammability limit measurements for dusts in 20-L and 1-m3 vessels[END_REF][START_REF] Zhen | Effects of ignitors and turbulence on dust explosions[END_REF]. Since nanoparticles are generally more ignition sensitive than microparticles [START_REF] Bouillard | Ignition and explosion risks of nanopowders[END_REF][START_REF] Holbrow | Fire and explosion properties of nanopowders[END_REF], this phenomenon can be enhanced when evaluating nanoparticles explosion severity.

In order to estimate which ignition energy would be suitable to avoid overdriving, experiments were conducted with nanocellulose (Table 1) using different ignition energies, knowing that the minimum ignition energy of this powder in the dried form is 5 mJ (Santandrea et al., 2019b). Two pyrotechnical igniters of 5 kJ were used, according to international standards, as well as one igniter of 100J, which is the lowest energy proposed by

Fr. Sobbe GmbH for chemical igniters. The ignition energy was further reduced by using an ignition source composed of two tungsten electrodes connected to a KSEP 320 system (Kühner AG -15 kV / 15 mA, i.e. 225 W) which generates a permanent spark whose energy can be varied through spark duration. An alternative solution to Kühner software (KSEP7) has been developed in order to accurately control the ignition delay time when using the permanent spark. Since a huge amount of powder on the electrodes would inhibit the spark, explosion tests were performed at 500 g.m -3 , which is much greater than the minimum explosive concentration MEC (125 g.m -3 ) and just below the experimental concentration corresponding to maximum explosion severity (750 g.m -3 ).

Table 3 shows the maximum overpressure and rate of pressure rise obtained at this concentration for each ignition energy. It appears that, with regard to the experimental reproducibility, similar values were reached when using an electrical spark delivering 10J and chemical igniters of 100J, meaning that no overdriving phenomenon occurred at these low energies. However, when compared to the values obtained with lowest energies, the use of 10kJ chemical igniters increases the overpressure of around 20% and the rate of pressure rise of 40%. The contribution of ignition energy to the explosion severity through the modification of the flame propagation can thus lead to a misestimation of the explosion severity, since the flame kernel growth is directly affected by the ignition source. A solution may be to set a maximum difference between the minimum ignition energy of the powder and the actual ignition energy used in explosion tests to limit this phenomenon. An alternative solution will be to better assess the explosion severity increase, especially the maximum explosion pressure, due to overdriving in order to withdraw it numerically from the experimental results. 'If other dust dispersing systems than those described in this standard are used, a propagation of the explosion from the explosion vessel into the dust container, cannot be excluded'. (EN 14034-1-2, 2004;[START_REF]Determination of explosion characteristics of dust clouds -Part 1: Determination of the maximum explosion pressure Pmax of dust clouds[END_REF] On the one hand, metallic nanoparticles are generally recognized to be very ignition sensitive (Martin et al., 2018;[START_REF] Wu | Explosion Characteristics of Aluminum Nanopowders[END_REF] and can spontaneously ignite when exposed to air [START_REF] Krietsch | Explosion behaviour of metallic nano powders[END_REF][START_REF] Mohan | Pyrophoricity of nano-sized aluminum particles[END_REF][START_REF] Wu | Explosion Characteristics of Aluminum Nanopowders[END_REF] or when injected in an experimental setup. On the other hand, some organic nanomaterials are considered to be very sensitive to electrostatic ignition as their MIE is lower than 10 mJ, e.g. the nanocellulose powder with a MIE of 5 mJ (Santandrea et al., 2019b). In both cases, the release of such powders through a small opening and under a large pressure difference can cause the generation of a highly concentrated dust cloud of nanoparticles and agglomerates, as for instance during the accidental leakage of a pneumatic conveyor [START_REF] Le | Modelling of nanoparticles-laden jet from a conveying pipe leakage[END_REF]. The rapid ignition of such a cloud by an electrostatic discharge generated by triboelectric or frictional charging or by the simple contact with oxygen from the ambient atmosphere, can be considered as a 'pre-ignition' of the dust cloud.

More specifically, during explosion tests when a powder ignites before the ignition source has been triggered, this phenomenon will be called 'pre-ignition'. Various authors have already encountered it when testing titanium [START_REF] Boilard | Explosibility of micron-and nano-size titanium powders[END_REF] and aluminum (Santandrea et al., 2019a). Thus, some modifications in the 20-L sphere were proposed in order to avoid this drawback [START_REF] Krietsch | Modified setup of 20-l-sphere for the determination of safety characteristics of nano powders[END_REF]Santandrea et al., 2019aSantandrea et al., , 2019b)). However, such changes require an accurate understanding of the pre-ignition phenomenon and further investigations were especially performed on an aluminum nanopowder, with primary diameter of 40-60 nm, whose characteristics are presented in Table 1. This powder was stored under argon and exposed to oxygen only a few minutes before performing the experiments, but no pyrophoric behavior was observed, i.e. no spontaneous ignition occurred during the samples preparation.

Standards tests were carried out according to EN 14034-1-2 (2004;[START_REF]Determination of explosion characteristics of dust clouds -Part 1: Determination of the maximum explosion pressure Pmax of dust clouds[END_REF], and lead to the observation of alumina in the dust container for concentrations of 500, 750 and 1000 g.m -3 (Figure 7). This observation implies that Al combustion occurred at least partially in the dust container, thus leading to a signal transmitted by the pressure sensors which does not correspond to the pressure evolution in the 20-L sphere. In Figure 7, it should be noticed that the presence of alumina in the container is only observed for concentrations corresponding theoretically to the maximum explosion severity. After such phenomenon, it is essential to clean the dispersion system carefully as the presence of alumina stuck to the dust container walls and the valve can modify the dust injection dynamics. One possible adjustment of the operating conditions consists in removing the oxygen from the dust container and injecting the powder with pure nitrogen. The sphere is then enriched with oxygen after vacuuming to obtain atmospheric composition after powder injection, at the time of the explosion. However, for concentrations greater than 250 g.m -3 , explosion started long before the activation of the ignitors, about 15 ms after the beginning of the dust injection, meaning the aluminum spontaneously ignited when in contact with the oxygen enriched atmosphere. The final pressure, obtained after total cooling of the sphere using the double jacket, is recorded when stabilized. It appears that the final pressure is always lower than the atmospheric pressure (Figure 8). Indeed, the combustion of aluminum mainly consists in the production of solid alumina generated from the reaction between solid aluminum and gaseous oxygen, thus decreasing the global pressure in the vessel due to oxygen consumption.

Therefore, by assuming that nitrogen is inert and that all the oxygen from air was consumed, a final pressure of around 0.8 bara should be obtained in the case of a total reaction. However, when using nitrogen injection, it appears that the final pressure is below this value for concentrations of 500 and 750 g.m -3 , reaching respectively 0.73 and 0.74 bara. This observation implies that a nitridation reaction, possible at high pressure and temperature (2800K) [START_REF] Kwon | The mechanism of combustion of superfine aluminum powders[END_REF]Loryan and Borovinskaya, 2003), certainly occurs and generates aluminum nitrides. AlN cannot be oxidized due to the lack of oxygen, already partially consumed, and to kinetic limitation caused by rapid condensation and encapsulation of gaseous AlN [START_REF] Kwon | The mechanism of combustion of superfine aluminum powders[END_REF]. Such phenomenon is certainly also observable for Al microparticles, but is promoted for nanopowders due to their high surface area and increased reactivity. So, for concentrations corresponding to the maximum explosion severity, for instance at 750 g.m -3 , alumina was observed in the dust container both for air or pure nitrogen injection.

However, when analyzing the pressure-time evolution for both injection types, it appears that different pressure profiles are observable (Figure 9). During a standard air injection, a 'normal' pressure-time graph is obtained (Figure 9a); whereas an early explosion clearly occurs a few milliseconds after the beginning of the dust injection when using nitrogen injection. In the latter case, the explosion takes place as soon as Al is in contact with the oxygen enriched atmosphere and long before the activation of the ignitors (Figure 9b). A rather similar trace was obtained by [START_REF] Boilard | Explosibility of micron-and nano-size titanium powders[END_REF] with nano-Ti injected under air. It then appears that, in our case, the presence of alumina in the dust container during standard injection cannot be explained by a 'pre-ignition' phenomenon since the explosion occurred only after the ignitors activation. To confirm this interpretation, injections of 750 g.m -3 of aluminum nanopowders were performed without activating the chemical ignitors in the sphere and, as expected, no explosion occurred. To clarify what happened in the dust container and explain the presence of alumina even with air injection, measurements were performed using an oscilloscope to estimate the closing delay of the electrovalve, for ignition delays of 60 ms and 120 ms. It appears in Figure 10a that, for an ignition delay of 60 ms, the ignition starts before the electrovalve begins to close, enabling the flame to possibly go back to the dust container. Figure 10b shows that the opening delay of the electrovalve is independent of the ignition delay. At this point, it should be underlined that EN 14034-2 (2006) standard specifies that the electrovalve should open in less than 10 ms but no clear instructions on the closing time are provided. Nevertheless, this text notably proposes an alternative to the fast-acting valve, provided that its opening time is lower than 100 ms, which is significantly greater than 60 ms. It should also be added that the 20-L sphere manual [START_REF] Cesana | Manual for 20-l-Apparatus[END_REF] specifies that the time between the valve activation and the beginning of the pressure rise in the 20-L apparatus should be between 30 and 50 ms, otherwise the dispersion system (valve, nozzle…) is assumed to be dirty. This point has been checked for the tests considered in Figure 10. From this knowledge, since explosions involving metallic nanoparticles demonstrates a high severity and a fast flame propagation, the assumption of an explosion occurring in the sphere and reaching back the dust container seems more likely than that of a pre-ignition during the powder injection. To confirm this hypothesis, standard experiments with an ignition delay time of 70 ms instead of 60 ms were performed, which allows the electrovalve to close before the flame reaches the bottom of the sphere. It should be added that such tv variation has only a small influence on the turbulence and will not sensitively impacts the flame propagation speed.

After the tests, no alumina was observed in the dust container, consolidating the hypothesis of the flame coming back to the dust container. Thus, to accurately evaluate the explosion severity of very explosive powders, especially metal nanopowders, it appears essential that the electrovalve closes well before the activation of the ignitors, by modifying its actuation parameters or by increasing the ignition delay time of several milliseconds. Nevertheless, a too large increase of tv may change the dust cloud turbulence and may probably reduce the explosion severity.

3.4. Punctuality is the politeness of kings: influence of the ignition delay time 'Therefore, for dust testing, the ignition delay time, td, has been standardized for the 20-L sphere to td = 60 ± 5 ms' (ASTM E1226-12A, 2019). 'The delay [… tv] shall be (0.6 ± 0.01 s)' (EN 14034-2, 2006).

The initial turbulence of the dust cloud has a great impact on the explosion severity, as highlighted through the variation of the ignition delay time [START_REF] Amyotte | Effects of turbulence on dust explosions[END_REF]Santandrea et al., 2019b;[START_REF] Skjold | Selected aspects of turbulence and combustion in 20-Litre explosion vessel[END_REF]). Several experimental and numerical studies notably demonstrated that the turbulence level of the dust cloud decreases with time after dispersion, and evolves in three phases [START_REF] Dahoe | Dust explosions: a Study of Flame Propagation[END_REF][START_REF] Murillo | Proposal of a new injection nozzle to improve the experimental reproducibility of dust explosion tests[END_REF]. The standard value of ignition delay time of 60 ms is then located in the second phase, which is the transition phase characterized by a significant decrease of the velocity fluctuations. However, if the dependency of turbulence on the ignition delay time is long proven and admitted, its impact on the particle size distribution (PSD) is still to evaluate quantitatively, especially for nanopowders. Indeed, as a function of the particle nature and size, a high turbulence level can either induce a shear stress causing deagglomeration in the dust cloud or increase the number of contacts between particles, thus causing agglomeration. Moreover, when performing experiments with long ignition delay time, the influence of agglomerates settling can modify significantly the amount of dust that reacts during the explosion. Furthermore, decreasing the ignition delay time below 60 ms also modifies the injection dynamic to reach the atmospheric pressure before ignition. Thus, whereas dust injection is generally performed in 60 ms, a lower ignition delay time induces a faster dispersion, possibly modifying the PSD along with the turbulence.

Figure 11 presents PSD measurements of nanocellulose (Table 1) conducted at different ignition delay times and plotted at the moment of ignition for each. Then, it appears that variations in the ignition delay time between 20 and 120 ms do not significantly impact the PSD of nanocellulose after dispersion, in the measuring range of the apparatus. Though the whole range of particle size should be measured to draw an accurate conclusion, it seems that variations of ignition delay times will impact mainly turbulence and only slightly the PSD. It can be concluded then that slight modifications of ignition delay time will impact explosion severity mainly through turbulence modifications and not much by PSD variation. Explosion tests with ignition delay time variation were also performed on nanocellulose and carbon black (Table 1), with concentrations of 750 g.m -3 and 250 g.m -3 respectively, which are the concentrations leading to the most severe explosions in standard conditions. To evaluate directly the influence of the turbulence level on explosion severity characteristics, the values of maximum overpressure and maximum rate of pressure rise presented in Figure 12 are plotted against the root-mean square velocity, using the relation between ignition delay time and root-mean square velocity proposed by Dahoe et al. (2001b). Ignition delay times from 20 ms to 200 ms were tested, which corresponds to root-mean square velocities from 15 m.s -1 to 0.5 m.s -1 (Dahoe et al., 2001b).

In Figure 12a, it appears that the maximum overpressure increases for both powders when slightly increasing the initial turbulence level in the combustion chamber, until reaching maximum values of 7.0 ± 0.2 bar at 3.5 m.s -1 i.e. 60 ms, for the carbon black and of 8.4 ± 0.3 bar at 1.5 m.s -1 i.e. 100 ms, for the nanocellulose. This increase is due to the promoting effect of a moderate turbulence, which tends to improve the mass transfer by increasing the flame stretching and thus enhancing the flame propagation. It should be added that, at very low turbulence levels, the influence of the sedimentation of bigger particles or agglomerates should be taken into account as it can induce a more heterogeneous distribution of powders in the sphere. Conversely, at high turbulence, an intense flame stretching occurs. It improves the mass transfer and has a positive impact on the combustion kinetics, which is clearly visible in Figure 12b. Indeed, although diffusional limitation is unlikely to be observed when testing nanoparticles, such limitation is expected for organic micro-agglomerate [START_REF] Dufaud | Highlighting the Importance of the Pyrolysis Step on Dusts Explosions[END_REF]. Finally, it should be kept in mind that a too high turbulence level can also lead to micro-scale flame quenching. Combustion gases were collected and analyzed by gas chromatography, studying specifically the ratio CO/CO2 (Figure 13). This ratio is higher than unity for ignition delay times lower than 100 ms, i.e. root-mean square velocities higher than 1.5 m.s -1 , and decreases for higher ignition delay times for both powders. Although this ratio does not significantly vary for nanocellulose, a significant decrease is observed for carbon black, from 5.7 at 15 m.s -1 to 0.6 at 1 m.s -1 . This evolution notably reflects the quenching occurring at high turbulence identified when studying the maximum overpressure (Figure 12). Furthermore, it shows that, nanoparticles being tracers of the gas flow, the turbulence level of the dust cloud can impact the maximum overpressure through a modification of oxidation products and mechanisms by quenching effects. Torrado (2017) notably noticed a premature extinction of the flame when studying hybrid mixtures from around 6 m.s -1 . The initial turbulence level also influences the maximum rate of pressure rise through turbulence/combustion interactions. ( EN 14034-1-2, 2004;[START_REF]Determination of explosion characteristics of dust clouds -Part 1: Determination of the maximum explosion pressure Pmax of dust clouds[END_REF] Humidity can greatly influence the explosive behavior of micropowders [START_REF] Traoré | Dust explosions: How should the influence of humidity be taken into account?[END_REF][START_REF] Yuan | Experimental investigations on the roles of moisture in coal dust explosion[END_REF]. It should be reminded that, when dealing with metal powders, the explosion severity can be increased by the dust moisture because of water reduction onto the particle surface and hydrogen generation occurring at high temperatures. For organic nanoparticles, such phenomenon will not take place, but other effects of the presence of water have to be considered. Santandrea et al. (2019a) showed that a long storage of carbon nanoparticles under undried air increases their moisture content and leads to agglomeration due to strong capillary forces. As such agglomerates are incompletely broken during the injection process, the explosion severity can be reduced. Specific attention must therefore be paid when storing nanoparticles before testing them.

Drying the powder before testing can be a solution. However, the water sorption kinetics should also be considered. Tests were performed with carbon black nanopowders (Table 1) to determine their water activity Aw, before and after drying under vacuum at 100°C. Before drying, the water activity reaches 0.4, whereas immediately after drying, this parameter drops down to 0.03. However, by waiting 1 or 15 minutes before measuring the water activity, Aw increases and reaches respectively 0.11 and 0.22. Because of the high specific surface area, nanoparticles are prone to adsorb vapors and especially water, as a function of their chemical nature, which impacts their explosive behavior.

Explosion tests were carried out on raw and dried nanocellulose (Table 1). It should be recalled that the powders are introduced in the 20-L sphere by using synthetic -dry-air. In order to highlight the potential influence of the relative humidity of the air remaining in the sphere after vacuuming it at 0.4 bara, experiments were performed by flushing it several times with synthetic air before starting the test procedure. By adopting this procedure, the water content in the sphere before dust injection decreases from 0.4% to less than 0.1%. Figure 14 shows the maximum explosion pressure remains unchanged whatever the powder treatment or the test procedure. In addition, the maximum rate of pressure rise obtained with the dried powder is, as expected, significantly greater than with the raw powder. However, the explosion severity of nanocellulose is even lower when fully performing the test with synthetic air, which can be explained by analyzing the gases generated during the explosion. The same trends observed in Figure 14 were obtained for carbon nanopowders. Figure 15 shows the evolution of the hydrogen content collected after combustion of carbon nanopowders in the explosion sphere. The presence of hydrogen, at concentration lower than 1%, can be explained by considering the reaction between carbon monoxide and water at high temperature, leading to the generation of carbon dioxide and hydrogen (Santandrea et al., 2019a). In Figure 15, the hydrogen content is always greater when using the standard procedure, which highlights the influence of the air relative humidity on the combustion mechanisms taking place during an explosion. These examples show that variations (in impact when it comes to the explosion severity of nanoparticles.

Figure 15. Hydrogen content in the burnt gases after carbon nanopowder explosion in the 20-L sphere using standard or modified injection procedure.

Conclusions

Nanopowders specificities (e.g. low sedimentation rate, agglomeration, high surface area, high sensitivity to ignition, etc.) induce explosive behaviors that are sometimes different from that observed for micropowders or, more generally, lead to exacerbated trends. As a consequence, in addition to safety issues inherent in handling nanopowders, standards should be adapted or cautious approaches should be taken when performing the tests in order to obtain reproducible and conservative results. For instance, the following improvements or advices can be suggested:

i) It should be kept in mind that the particle size distribution of nanopowders will be modified by deagglomeration during their dispersion, even if standard PSD analyses cannot identify such a shift. Surface PSD will be preferred to volume-based distribution.

ii) Alternative nozzles allow to reach higher explosion severities. Since standards objective is not to reproduce the exact industrial conditions, priority should focus on the reliability of the results by choosing nozzles providing a better cloud homogeneity.

iii) The ignition source should be adapted to the low minimum ignition energy of the nanopowders in order to avoid overdriving or, at least, this phenomenon should be better considered by assessing the additional energy given to the dust cloud.

iv) Pre-ignition of very sensitive nanopowders in the dust container can be avoided by injecting them under nitrogen (but spontaneous ignition still can occur in the sphere) or by using dust lifting as for MIE determination. However, as a result of their high flame speed propagation, the opening time of the electrovalve should be reduced to avoid a 'backfire' in the container or the delay tv should be adapted.

v) Variations of the ignition delay time can be helpful to obtain the most conservative results.

However, a too low turbulence level (e.g. < 2 m.s -1 ) can lead to agglomerate sedimentation, whereas a too high turbulence level (e.g. > 6 m.s -1 ) can induce alternative combustion mechanisms.

vi) Special attention must be paid to the nanopowders storage conditions, to the samples preparation before testing (e.g. transition from an inert atmosphere to air, representativeness of the samples) and to the humidity of the ambient and injection air.

Finally, the results obtained must be transposed on an industrial scale, with the same limitations inherent to the cube-root law as those encountered for micropowders. An alternative approach, whose feasibility has been demonstrated for nanocellulose [START_REF] Santandrea | Knock on nanocellulose': Approaching the laminar burning velocity of powder-air flames[END_REF], would be to use the advantages of nanopowders, in particular their low sedimentation rate, to determine their laminar flame velocity, which is an intrinsic parameter that can be used as an input for CFD simulations.
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Table 1 .

 1 Properties of the nanopowders used in this work.

	Powders	Primary diameter (nm)	Specific surface area (m².g -1 )	Mean volume diameter d50 by sedimentation (µm)	Mean volume diameter d50 after dispersion (µm)
	Aluminum	40 -60	24	28	5
	Carbon black	75	40	37	4
	Nanocellulose	3 nm width, 70 nm length	400 *	65	12

* (CelluForce, 2016) 

Table 2 .

 2 Influence of the nozzle on the maximum overpressure and maximum rate of pressure rise of nanocellulose(tv = 60 ms) 

	Type of nozzle	Rebound nozzle	Perforated cylindrical nozzle	Slotted cylindrical nozzle
	Maximum overpressure Pmax (bar)	8.35 ± 0.05	8.0	7.9
	Maximum rate of pressure rise (dP/dt)max (bar.s -1 )	496 ± 12	792	786
	3.2. Too much is a waste: role of the ignition energy on the explosion severity of
	nanopowders			
	'The ignition source comprises two chemical igniters each having an energy of 5 kJ.' (EN
	14034-1-2, 2004; 2006)			

Table 3

 3 

	. Explosion characteristics of 500 g.m -3 of nanocellulose as a function of ignition
		energy (values from KSEP 7.1)	
	Ignition energy	10 J (electrical spark)	100 J (chemical igniter)	10 kJ (chemical igniters)
	Overpressure Pm (bar)	6.5 ± 0.3	6.1 ± 0.3	7.8 ± 0.4
	Rate of pressure rise (dP/dt)m (bar.s -1 )	210 ± 25	200 ± 24	345 ± 41
	3.3. Too sensitive or too violent: some considerations on pre-ignition.	
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