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Introduction

In order to assess explosion risks, the determination of key safety parameters is required [START_REF] Eckhoff | Dust Explosions in the Process Industries -3rd Edition[END_REF][START_REF] Jespen | ATEX-Explosive Atmospheres[END_REF]. Among these parameters, the maximum explosion overpressure and the maximum rate of pressure rise are commonly used to characterize the explosion severity. Their determination implies controlled explosion tests in a closed vessel to measure the pressure evolution with time, which induces a volume-dependence of the results.

To be able to design protection equipment, normalized test conditions and apparatuses are then needed. For instance, the EN 14034 standard is generally used, recommending tests in a 20L sphere or a 1m 3 vessel under specific conditions (injection procedure, type of nozzle, ignition delay time, ignition source and energy, initial temperature and pressure).

However, standard conditions can be different from industrial conditions [START_REF] Tamanini | Turbulence effects on dust explosion venting[END_REF] and do not consider the specificities of each powder. For instance, the ignition energy is set at 10 kJ while the minimum ignition energy can be much lower, which can lead to an overdriving phenomenon and a misestimation of the risk [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]. Moreover, to represent the volume-dependence of the experimental explosion parameters, a 'cube-root law' was proposed by [START_REF] Bartknecht | Dust-explosions: course, prevention, protection[END_REF] and demonstrated later by [START_REF] Eckhoff | Dust Explosions in the Process Industries -3rd Edition[END_REF]. This law is valid under several assumptions considering that the vessels have similar geometries, the flame thickness is negligible with respect to the vessel radius, the burning velocity is the same in both volumes and point ignition occurs at the center of the vessels [START_REF] Lewis | Combustion, Flames and Explosions of Gases[END_REF][START_REF] Skjold | Selected aspects of turbulence and combustion in 20-Litre explosion vessel[END_REF]. Several tests have been performed to compare results obtained in the 20L sphere and the 1m 3 vessel, revealing significant differences between the two vessels, thus questioning the validity of the cube-root law [START_REF] Clouthier | Iron and aluminum powder explosibility in 20-L and 1-m 3 chambers[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 | An interpretation of dust explosion phenomena on the basis of time scales[END_REF]. It has notably been proven that radiation can play a significant role in dust combustion, which tends to increase the flame thickness and even invalidate the cube-root law in some cases, especially for metal particles [START_REF] Bidabadi | Effects of radiation on propagating spherical flames of dustair mixtures[END_REF][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] Taveau | Scaling up the severity of metal dusts deflagrations[END_REF]. Discrepancies have also been found in terms of turbulence, showing the ignition delay time in both vessels does not allow the same initial turbulence of the dust cloud [START_REF] Amyotte | Effects of turbulence on dust explosions[END_REF][START_REF] Dahoe | On the transient flow in the 20-liter explosion sphere[END_REF][START_REF] Pu | Turbulence effects on dust explosions in the 20-liter spherical vessel[END_REF][START_REF] Van Der Wel | Ignition and propagation of dust explosions[END_REF].

If the procedures to determine explosion safety parameters are relatively well defined for micro-powders, they are still subject to debate, especially for nanopowders. Several authors have highlighted, that due to their small size, nanoparticles develop a high specific surface area leading to specific explosion properties [START_REF] Amyotte | Some myths and realities about dust explosions[END_REF][START_REF] Boilard | Explosibility of micron-and nano-size titanium powders[END_REF][START_REF] Bouillard | Ignition and explosion risks of nanopowders[END_REF][START_REF] Eckhoff | Does the dust explosion risk increase when moving from μm-particle powders to powders of nm-particles[END_REF][START_REF] Mittal | Explosion characteristics of micron-and nano-size magnesium powders[END_REF][START_REF] Vignes | Course of explosion behaviour of metallic powders -From micron to nanosize[END_REF][START_REF] Wu | Flame phenomena in nanogrinding process for titanium and iron[END_REF]. Among these specificities, their high specific surface area can both lead to changes in the rate-limiting step of the oxidation reaction [START_REF] Bouillard | Ignition and explosion risks of nanopowders[END_REF][START_REF] Vignes | Course of explosion behaviour of metallic powders -From micron to nanosize[END_REF] and to the modification of the dust cloud particle size distribution due to the agglomeration phenomenon [START_REF] Eckhoff | Does the dust explosion risk increase when moving from μm-particle powders to powders of nm-particles[END_REF]Santandrea et al., 2019a). Moreover, other specificities may call into question the relevance of standardized tests in a closed vessel. For instance, due to their increased ignition sensitivity, underlined notably by [START_REF] Krietsch | Explosion behaviour of metallic nano powders[END_REF], [START_REF] Mohan | Pyrophoricity of nano-sized aluminum particles[END_REF] and [START_REF] Sundaram | Pyrophoricity of nascent and passivated aluminum particles at nano-scales[END_REF], an overdriving or pre-ignition phenomenon is more likely to occur when testing nanopowders. Furthermore, the radiative heat transfer occurring during the flame propagation can be greatly affected by the agglomeration level of the dust cloud [START_REF] Dufaud | Ignition and explosion of nanopowders: something new under the dust[END_REF][START_REF] Kosinski | Explosions of carbon black and propane hybrid mixtures[END_REF][START_REF] Vignes | Évaluation de l'inflammabilité et de l'explosivité des nanopoudres : une démarche essentielle pour la maîtrise des risques[END_REF]. In the case of enhancement of the radiative transfer, the flame thickness would no longer be negligible with respect to the vessel radius, as assumed by the cube-root law. As a consequence, a direct transposition of the safety parameters from labscale to industrial-scale may be inaccurate.

To overcome the cube-root law limitations, flame propagation is often studied and used in Computational Fluid Dynamics (CFD) simulations to characterize gas explosion (Di [START_REF] Benedetto | CFD simulations of turbulent fluid flow and dust dispersion in the 20 liter explosion vessel[END_REF][START_REF] Ghaffari | A brief review on the effect of particle size on the laminar burning velocity of flammable dust: Application in a CFD tool for industrial applications[END_REF][START_REF] Skjold | Selected aspects of turbulence and combustion in 20-Litre explosion vessel[END_REF]. The essential parameters are then the flame thickness and, more importantly, the laminar burning velocity [START_REF] Belerrajoul | Modélisation multi-échelle de la combustion d'un nuage de particules[END_REF]Dahoe et al., 2002a). This latter is a fundamental property of the fuel and only depends on the fuel nature and the mixture concentration [START_REF] Miao | Laminar burning velocities, Markstein lengths, and flame thickness of liquefied petroleum gas with hydrogen enrichment[END_REF]. It can be used in simulations to evaluate the consequences of an explosion scenario with controlled conditions [START_REF] Skjold | Review of the DESC project[END_REF][START_REF] Tolias | An improved CFD model for vented deflagration simulations -Analysis of a medium-scale hydrogen experiment[END_REF]. Although the estimation of the laminar burning velocity of gases is not trivial, the experimental determination of the laminar burning velocity of dust-air mixtures is much more difficult to perform than for gases due to the inherent turbulence related to the powder dispersion. Nevertheless, some experiments have been performed by various authors in a micro-gravity environment during a parabolic flight or using a drop tower [START_REF] Goroshin | Laminar dust flames in a reducedgravity environment[END_REF][START_REF] Lee | Microgravity combustion of dust suspension[END_REF][START_REF] Pu | Constant Volume Combustion of Aluminum and Cornstarch Dust in Microgravity[END_REF][START_REF] Tang | Flame propagation and quenching in iron dust clouds[END_REF]. However, such tests being very expensive and difficult to perform on a large scale and with a high frequency, three more accessible methods for the determination of the unstretched burning velocity can be found in the literature: the burner method, with various existing configurations (Dahoe et al., 2002;[START_REF] Julien | Flame speed measurements in aluminum suspensions using a counterflow burner[END_REF][START_REF] Lomba | Determination of aluminum-air burning velocities using PIV and Laser sheet tomography[END_REF][START_REF] Van Der Wel | Ignition and propagation of dust explosions[END_REF], the contained explosions method [START_REF] Shelkin | Correlations for flame speed and explosion overpressure of dust clouds inside industrial enclosures[END_REF][START_REF] Skjold | Selected aspects of turbulence and combustion in 20-Litre explosion vessel[END_REF][START_REF] Van Der Wel | Ignition and propagation of dust explosions[END_REF] and the tube method [START_REF] Andrews | Determination of burning velocities: A critical review[END_REF][START_REF] Di Benedetto | Flame propagation of dust and gas-air mixtures in a tube[END_REF][START_REF] Proust | Flame propagation and combustion in some dust-air mixtures[END_REF]. However, test results obtained in turbulent conditions had to be numerically extrapolated to a zero degree of turbulence [START_REF] Bradley | Burning rates in turbulent fine dust-air explosions[END_REF]; as a consequence, the term 'unstretched burning velocity' will be preferred to 'laminar flame velocity' to qualify the parameter obtained.

Despite the greater accessibility of these methods, experimental issues remain and usually limit the reproducibility and accuracy of the results. In addition to the stochastic nature of turbulence, issues can also come from particle agglomeration, instabilities of the biphasic flow, set-up fouling or flame front visualization difficulties. However, for specific reactive mixtures such inconveniences may be limited: for instance, testing gas-dust mixtures with a low dust concentration (called gas-driven hybrid mixtures) in a semi-open tube allowed the determination of their unstretched flame velocity and highlighted the influence of turbulence/combustion interactions on the flame propagation [START_REF] Cuervo | Influences of turbulence and combustion regimes on explosions of gas-dust hydrid mixtures[END_REF]Torrado et al., 2017b).

Similarly, the low inertia of nanoparticles allows tests with a long ignition delay time.

Consequently, experiments can be performed at low turbulence with nanoparticles while sedimentation would occur for micropowders under the same experimental conditions.

Decreasing the turbulence level of the initial dust cloud can help approaching the 'laminar flame velocity' of dust-air mixtures through the assessment of an unstretched flame velocity, which is then expected to be independent from turbulence. This concept will be developed through the characterization of the unstretched burning velocity of a nanocellulose powder using three different procedures and set-ups: a semi-opened tube, a vented vessel and the classical 20L explosion sphere.

Materials and methods

Nanocellulose characterization

In this study, an organic powder was chosen with regard to experimental, scientific and industrial considerations. First of all, the powder should display a sufficient ignition sensitivity to be ignited by an electrical spark and thus ensure a single point ignition, which is not the case of carbonaceous powders [START_REF] Turkevich | Potential explosion hazard of carbonaceous nanoparticles: screening of allotropes[END_REF][START_REF] Vignes | Évaluation de l'inflammabilité et de l'explosivité des nanopoudres : une démarche essentielle pour la maîtrise des risques[END_REF]. Moreover, metal nanopowders may be subjected to pre-ignition and their flame tend to propagate with a significant thermal radiation, which can hinder the flame front observation. Organic nanopowders, with a minimum ignition energy of a few millijoules and a flame propagation with limited thermal radiation, then appears to be a good solution. Moreover, during their combustion, the devolatilization step occurs rapidly, which can lead to flame propagation rather similar to those already observed for gas-powder hybrid mixtures [START_REF] Cuervo | Influences of turbulence and combustion regimes on explosions of gas-dust hydrid mixtures[END_REF] or flame propagation occurring in the gas phase [START_REF] Bradley | Proceedings of the first international colloquium on the explosibility of industrial dusts[END_REF] and makes possible the application of relations initially established for such mixtures.

From an industrial point of view, nanocellulose is of increasing interest due to its specific chemical and physical properties providing a wide variety of applications, notably in photonics, medical devices, coating, electronics, 3D printing and plastics [START_REF] Abitbol | Nanocellulose, a tiny fiber with huge applications[END_REF]. The powder used in this study is a cellulose nanocrystals powder (NCC from CelluForce) with primary fiber dimensions of 3 nm width, an average length of 70 nm and a specific surface area of 400 m 2 .g -1 , as specified by the producer [START_REF] Celluforce | Product specification of CelluForce NCV100[END_REF]. Although this powder is constituted of nanofibers, the word "nanoparticles" will be employed in this work with no distinction between fibers and particles. The nanocellulose was dried at 90°C

under vacuum before performing tests to limit the influence of humidity on the explosion parameters and improve reproducibility. Nanocellulose was observed by Scanning Electron Microscopy (Figure 1) but did not reveal clearly the nanometric structure of the powder.

Additional experiments were performed with a rotative drum combined with a Condensation Particle Counter (CPC -TSI 3007) and demonstrate the presence of two modes at 2 µm and 20 nm. Further tests were performed directly after powder dispersion in the explosion vessels in order to highlight the presence of primary nanopowders in addition to the inevitable agglomerates.

Figure 1 Nanocellulose observed with an Scanning Electron Microscope

Explosion tests equipment

The unstretched burning velocity of nanocellulose was estimated using three experimental methods. First, a flame propagation tube of 7 x 7 x 100 cm 3 open at its upper end and implementing the ignition system of the modified Hartmann tube, was coupled with a highspeed video camera at 4000 fps with 240 µs of exposure time (Phantom V9.1). Electrodes are located at 12.5 cm from the bottom of the tube. The equipment and procedure are fully described by [START_REF] Cuervo | Determination of the burning velocity of gas/dust hybrid mixtures[END_REF] and Torrado et al. (2017) who validated the set-up and procedure with methane and obtained encouraging results for hybrid mixtures. However, the small volume, especially around the ignition zone, implies that the flame is influenced by the walls quite soon after the ignition, which impacts its propagation. Therefore, the analysis is limited to the first moments of the flame kernel growth, between ignition and the flame spatial acceleration (or quenching) due to the presence of the wall. Consequently, a second method was developed to study flame propagation within a modified 20L sphere.

The standard apparatus described by European standards (EN 14034-1, 2004;EN 14034-2, 2006) does not allow a clear visualization of the content of the sphere, preventing the observation of both the dust cloud after dispersion and the flame propagation. To overcome this limitation, [START_REF] Murillo | Experimental and numerical approaches to particles dispersion in a turbulent flow : application to dust explosions[END_REF] designed a new 20L sphere equipped with four visualization windows made of borosilicate with a diameter of 9.7 cm on the lateral sides and one on the top to characterize the dust cloud in terms of particle size distribution and turbulence. Torrado (2017) adapted the apparatus to perform hybrid mixtures explosion tests and to study the flame propagation. Therefore, a lateral window was removed to integrate an ignition source composed of two tungsten electrodes connected to a KSEP 320 system (Kühner AG -15 kV / 15 mA, i.e. 225 W) generating a permanent spark whose duration, and thus energy, can be varied. A modification of the Kühner software was necessary to control accurately the ignition delay time, called 'tv', when using the permanent spark. A pressure relief valve, opening at 1.15 atm (abs), was added on top of the sphere to protect the windows during the explosion. The flame front and shape are imaged using a Schlieren system, combined with the high-speed camera. The Schlieren setup consists of a 150 W xenon lamp (66475-150XV-R22

Xenon Light Source) equipped with a lens, a pinhole with a diameter of 1 mm to obtain a single-point light source, and a spherical mirror reflecting the punctual light toward a filter placed in front of the camera (Figure 2). This technique, notably described by [START_REF] Mazumdar | Principles and Techniques of Schlieren Imaging Systems[END_REF], allows the observation of density variations, which provides a better visualization of the flame front.

The results obtained with both apparatuses were then compared to the correlations established by [START_REF] Shelkin | Correlations for flame speed and explosion overpressure of dust clouds inside industrial enclosures[END_REF], based on the evolution of the maximum overpressure and the maximum rate of pressure rise during an explosion carried out in a closed vessel. To ensure a proper comparison, explosions tests were performed in the standard 20L sphere with a permanent spark to avoid an overdriving phenomenon and a source ignition dependence of the results. Tests were also performed on nanocellulose according to the standard procedure (EN 14034-1:2004(EN 14034-1: + A1:2011;;EN 14034-2: 2006EN 14034-2: + A11:2011) ) To characterize the dust cloud, a laser diffraction sensor (Sympatec) was used through the visualization window of the 20L sphere and the tube to measure the in-situ particle size distribution (PSD) for particle sizes from 0.5 to 175 µm (R3 lens) at a frequency of 2 analyses per millisecond. Since the combustion reaction can occur at the surface of the particles, as a function of the reaction regime considered, the surface fraction is considered instead of the usual volume fraction for the particle size distribution. It should be noted that other metrics, such as the volume or number can also be considered to represent the particle size distribution (Santandrea et al., 2019b).

In addition, the turbulence level of the dust cloud estimated by [START_REF] Dahoe | On the transient flow in the 20-liter explosion sphere[END_REF] using a laser Doppler anemometer was considered in the 20L sphere, and the measurements performed by Particle Image Velocimetry (PIV) by [START_REF] Cuervo | Influences of turbulence and combustion regimes on explosions of gas-dust hydrid mixtures[END_REF] were used to estimate a root-mean square velocity urms of the dust cloud in the flame propagation tube. Regarding the values presented in Table 1, it appears that the turbulence level is always higher in the 20L sphere than in the propagation tube, which is due to the high pressure applied during the injection in the sphere and to the use of a dust canister. However, for both equipment, the turbulence level decreases rapidly in the low ignition delay time range (from 60 to 120 ms, 71% lower in the 20L sphere and 39% in the tube) and seems to stabilize for high ignition delay times (<200 ms), as discussed by [START_REF] Murillo | Proposal of a new injection nozzle to improve the experimental reproducibility of dust explosion tests[END_REF] and Santandrea et al. (2019a).

Indeed, between 100 ms and 200 ms, the root-mean square velocity decreases 67% in the 20L sphere and 60% in the tube, and only 14% in the 20L sphere and 25% in the tube between 300 ms and 400 ms. This "stable stage" allows to reach pseudo-laminar conditions and to approach a laminar burning velocity when increasing sufficiently the ignition delay time.

Table 1. Root mean square velocities measured in the 20L sphere and in the propagation tube [START_REF] Cuervo | Influences of turbulence and combustion regimes on explosions of gas-dust hydrid mixtures[END_REF][START_REF] Dahoe | On the transient flow in the 20-liter explosion sphere[END_REF] Ignition delay time (ms) urms in the 20L sphere (m.s -1 ) [START_REF] Dahoe | On the transient flow in the 20-liter explosion sphere[END_REF] urms in the propagation tube The propagation speed can be estimated using existing mathematical models based on several hypotheses [START_REF] Chen | Theoretical analysis of the evolution from ignition kernel to flame ball and planar flame[END_REF][START_REF] Frankel | On Quenching of Curved Flames[END_REF][START_REF] Joulin | Linear stability analysis of nonadiabatic flames: Diffusionalthermal model[END_REF].

The flame is then assumed to be spherically expanding and governed by an overall one-step exothermic reaction, and the thermodynamic properties of the mixture such as the molecular weight, the specific heat and the thermal conductivity are considered constant. The potential heat losses are neglected and the combustion process is assumed to be isobaric, which seems reasonable before the flame is affected by the vessel walls. With all these hypotheses, the laminar burning velocity can be estimated using a linear or a non-linear methodology, from the knowledge of the turbulent burning velocity and flame stretching.

To evaluate those parameters, flame propagation videos were analyzed by a model developed by [START_REF] Cuervo | Influences of turbulence and combustion regimes on explosions of gas-dust hydrid mixtures[END_REF] in MatLab's Simulink using the Vision toolbox [START_REF] Cuervo | Determination of the burning velocity of gas/dust hybrid mixtures[END_REF]Torrado et al., 2017). This model isolates the flame profile for each frame of the video as shown in Figure 3 and calculates the position of the flame front z, the estimated cross-section area AS and the estimated flame surface Af. In the case of flame kernels growing spherically, the flame radius is generally considered to estimate the spatial velocity [START_REF] Law | Combustion Physics by Chung K. Law[END_REF][START_REF] Varea | Experimental analysis of laminar spherically expanding flames[END_REF]. However, since the flame kernel appears to grow as an ellipsoid at low turbulence levels, the spatial velocity is calculated by deriving the position of the front flame.

Since the laminar flame velocity is independent of the vessel geometry and size, only the phase of 'free' flame kernel propagation is considered, i.e. when the flame is not significantly affected by the vessel walls, by compression or gas-wall heat transfers. It should be noted that, due to the contribution of the ignition source and the small size of the initial flame kernel, which can be located -with respect to the camera-behind unburnt particles, the very first milliseconds of the videos are also often delicate to analyze. The position of the flame z being known for different times, the spatial velocity of the flame SS can be deduced. Then, the flame burning velocity Su can be calculated using [START_REF] Andrews | Determination of burning velocities: A critical review[END_REF] formula: the flame thickness is small in comparison to the flame curvature and if the spatial velocity SS is uniform over the whole surface of the flame. However, in the context of these experiments, the ignition is performed 12.5 cm above the closed side of the tube, implying the hot burnt gases are pushing up the fresh gases due to their thermal expansion. Therefore, a thermal expansion factor χ, represented by the ratio between the temperatures of the hot burnt gases and the initial cold gases, should be introduced to correct this increased velocity. The temperature of the gases generated by the combustion reaction is approximated to be the adiabatic temperature at equilibrium conditions and is determined by the CEA software [START_REF] Mcbride | Computer Program for Calculation of Complex Chemical Equilibrium Compositions and Applications II. Users Manual and Program Description[END_REF]. Equation ( 1) then becomes:

= (1)
= (2)
However, as previously explained, only the "free" flame kernel propagation is considered, meaning the analysis is stopped when the flame is close to the walls but is still unaffected by their presence. This induces that, at this early stage, the flame kernel growth is unaffected by the thrust of the gases against the bottom of the tube and by the pressure increase taken into account by the thermal expansion factor.

It should be underlined that the burning velocity of a fuel-air mixture depends on the initial dust concentration, the pressure and the temperature, but also the turbulence. More than any other parameter, this point is very important and specific to dust explosions due to the inherent turbulence developed when generating the dust cloud. This effect can be estimated using the flame's stretching factor K, called Karlovitz factor [START_REF] Karlovitz | Investigation of Turbulent Flames[END_REF], defined as:

= (3)
The sign of the Karlovitz factor indicates the expansion (K positive) or compression (K negative) of the flame surface area. Since the stretching can be due to the curvature of the flame or to the strain rate of the flow, the stretching factor can be decoupled in two different variables Kc and Ks [START_REF] Bradley | Flame Propagation in a Tube: The Legacy of Henri Guenoche[END_REF]. However, in this work, the flame stretching will be considered as a single phenomenon combining both effects.

In the literature, two relations to link the Karlovitz factor to the burning velocity are mainly used by considering the assumptions previously mentioned: a linear relation and a non-linear one. Although those relations were initially established for gases, [START_REF] Cuervo | Determination of the burning velocity of gas/dust hybrid mixtures[END_REF] and Torrado et al. (2017) obtained encouraging results by applying them to starch/methane as well as carbon nanoparticles/methane hybrid mixtures. In this work, the same relations are applied to pure dust explosions. Indeed, the low inertia of nanocellulose particles allows the measurement at very low turbulence, leading to a spherical/ellipsoidal flame kernel growth.

Moreover, the organic nature of the chosen powder induces a fast devolatilization which implies that, under certain concentration and turbulence conditions, the dust combustion would be controlled by gas combustion (Di Benedetto and Russo, 2007).

Linear relation

Most of the authors studying flame propagation and laminar burning velocity [START_REF] Cuervo | Determination of the burning velocity of gas/dust hybrid mixtures[END_REF]Dahoe et al., 2002;[START_REF] Di Benedetto | Flame propagation of dust and gas-air mixtures in a tube[END_REF] use a linear relation established for pure gases and stating that, in a first approach, the Karlovitz factor can be linked to the flame burning velocity by the following relationship [START_REF] Clavin | Dynamic behavior of premixed flame fronts in laminar and turbulent flows[END_REF][START_REF] Markstein | Non-steady flame Propagation[END_REF]:

= - + ( 4 
)
where Su° is the unstretched burning velocity and δM, the Markstein length, whose sign provides an indication on the stability of the flame [START_REF] Clavin | Dynamic behavior of premixed flame fronts in laminar and turbulent flows[END_REF]. Vagelopoulos et al., 1994). As a consequence, some authors developed and applied a nonlinear relation to link the unstretched flame velocity to the flame stretching of gaseous mixtures (Buckmaster, 1977;Halter et al., 2010;Kelley and Law, 2009;Sivashinsky, 1975):

. = - (5) 
The previous analysis was applied along with relations 4 and 5 to the experimental data recorded during flame propagation in the semi-open tube and in the vented 20L sphere.

2.4.1.4.Estimation of the unstretched burning velocity

An illustration of the evolution of the burning velocity with the Karlovitz factor is presented in Figure 4 for a concentration of 500 g.m -3 of nanocellulose. It appears that both relations seem to match approximately the experimental data. In this example, the unstretched flame velocity obtained using the linear relation is 20.5 ± 0.6 cm.s -1 and 21.3 ± 0.6 cm.s -1 using the nonlinear relation proving a good consistency between both methods. It should be noted that the average discrepancy between the flame velocities obtained by both methods is 4 %, which means that there is no statistical difference between the methods. However, it appears in the initial raw experimental data. Indeed, the unstretched burning velocity now reaches 23.1 ± 0.3 cm.s -1 with a coefficient of determination of 0.95 instead of 0.36 in the previous case with the linear fitting, and it reaches 21.8 ± 0.4 cm.s -1 using the nonlinear fitting. Since the smoothing provides results with a better accuracy, it was systematically realized during the videos analysis phase.

Videos of the explosion occurring in the flame propagation tube and in the vented 20L sphere were then analyzed according to the method described in 2.4.1 and the unstretched burning velocity was estimated using both linear and nonlinear relations. 

where P0 is the atmospheric pressure and γ the ratio of specific heats. As the previously defined relations, this correlation is based on several assumptions, such as the spherical expansion of the flame and the neglecting of the turbulent length scales. Moreover, the establishment of this correlation based on other existing relations also relying on hypotheses, like a laminar flow or the fact that the burnt gases are trapped behind the expanding flame front, meaning the thermal expansion factor is considered [START_REF] Harris | The investigation and control of gas explosions in buildings and heating plant[END_REF]. Furthermore, the explosivity index KSt is mentioned in the correlation, meaning that the "cube-root" law and its related hypotheses were used. For instance, the flame front is considered to be a thin reaction zone as defined by [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] Shelkin | Correlations for flame speed and explosion overpressure of dust clouds inside industrial enclosures[END_REF] considered that Pmax was defined as the maximum overpressure for a single explosion experiment and that a Kst parameter can be defined from a test performed at a single dust concentration and not from tests performed over a wide range of concentration. Thus, the following relation was applied during this work:

= 0.11 -( -" $ . */0 # $ ( $ ( .*+ ( $ ( ' * , ) (7) 
The unstretched burning velocity of nanocellulose was then estimated using those three methods to test the strengths and weaknesses of each method and ensure the consistency of the methods by identifying a reliable value of the laminar burning velocity.

Results and discussion

Particle size distribution of the dust cloud

When characterizing the dust cloud, it first appears that the particle size distribution in the sphere seems to be more monodisperse than in the tube due to the high shear stress occurring during the injection of the powder and potentially breaking the agglomerates of a few micrometers (Figure 7). Although particles with a diameter lower than 0.5 µm seem to be present in the flame propagation tube and probably in the sphere, they are not measured directly with this lens.

Particle Sizer (FMPS) and a Scanning Mobility Particle Sizer (SMPS) to specifically measure particles with diameters lower than 500 nm in the 20L sphere. It should be underlined that such apparatuses allow the determination of the electrical mobility distribution of the dust cloud. Although it is impossible with those methods to directly compare the PSD of the dust in the sphere and the tube, these experiments clearly confirm the presence of nanoparticles after dispersion in both equipment with dimensions ranging from 100 to 300 nm (with peaks at 150 nm). 

Explosion severity of micro and nanocellulose

Before proposing an alternative method for dust explosivity assessment, the standard test method (EN 14034) was applied to compare the explosion severity of micro and nanocellulose. It can be observed that the maximum overpressure Pm (Figure 8a) of the nanocellulose is slightly greater than that of microcrystalline cellulose, but that the overall behavior of this parameter as a function of the dust concentration is rather similar for both compounds. However, the difference is more significant with respect to the maximum rate of pressure rise (dP/dt)m (Figure 8b), which can be explained by the variation of particle size and of specific surface area, which greatly impacts the reaction kinetics. The Kst parameter, obtained through the application of the cubic law, reaches 135 ± 3 bar.m.s -1 for nanocellulose at 1000 g.m -3 , whereas it reaches only 86 ± 10 bar.m.s -1 at 1500 g.m -3 for microcrystalline cellulose. with stretching and is rapidly influenced by the walls (Figure 9a). As a consequence, only a few milliseconds of the video are suitable for the analysis, and the flame profile is difficult to identify due to the turbulence. When slightly reducing the turbulence, the flame kernel growth is slower, but the turbulence level remains too decisive (urms > 1 m.s -1 ) to precisely define the flame profile (Figure 9b). At very low turbulence, the flame kernel growth is still slow and nearly spherical, showing a behavior similar to that of gases, i.e. a rather smooth flame surface and a flame front with a paraboloidal shape (Figure 9c). It is then possible to correctly identify the flame profile, with 10 to 20 ms of video which can be confidently analyzed.

Moreover, it can be noticed that the flame kernel does not move when growing, which shows that it is barely affected by the dust cloud inertia or by the burnt gases thrust. As a result of these observations, ignition delay times from 300 ms to 450 ms, due to a limitation of the apparatus, were considered in the tube and in the 20L sphere for the analyses. and the window is great, which hinders the flame visualization and sometimes reduces the 'analyzable duration' of the video down to 5 ms. This limitation can be partially overcome by using a Schlieren system, as presented in paragraph 2.2. An explosion in the 20L sphere and the dust kernel 5 ms and 10 ms after ignition of 500 g.m -3 of nanocellulose are presented in Figure 12a and Figure 12b respectively. In view of the experimental uncertainties and the slight discrepancies between the non-linear and linear relationships, only the results obtained by the latter method will be now considered. 

3.4.Estimation of the laminar burning velocity

Since the turbulence intensity is different in the tube and in the sphere, results were plotted as a function of the root mean square velocity measured in both equipment by Particle Image Velocimetry. Figure 13 then shows that a very low turbulence level, from 0.21 to 0.13 m.s -1 is reached in the tube, whereas it reaches a minimum of 0.3 m.s -1 in the 20L sphere. However, similar values of unstretched burning velocity are obtained, from 19 to 23 cm.s -1 in the tube and from 16 to 24 cm.s -1 in the sphere. This is due to the fact that, when increasing the ignition delay time, the turbulence level decreases in both equipment until it reaches a region in which the decay is small, as mentioned in paragraph 2.3. This region is observed from 200 ms in both equipment, corresponding to a root-mean square velocity of 0.4 m.s -1 in the propagation tube and 0.5 m.s -1 in the 20L sphere. The flame propagation tube seems to produce more clustered values, which can be explained by the better visualization of the flame kernel providing a longer analyzable video than in the vented 20L sphere, thus a more accurate analysis of the flame propagation. The values of the unstretched burning velocities obtained through visualization of the flame propagation were then compared to the value acquired by pressure-time recording in the standard 20L apparatus (Figure 14). Using the semi-empirical correlation previously detailed (Equation 7), an unstretched burning velocity of 19.9 cm.s -1 is obtained at a root mean square velocity of 3.5 m.s -1 while the same value was reached in the flame propagation tube and vented 20L sphere for root mean square velocities of 0.2 m.s -1 and 0.3 m.s -1 respectively. This is due to the fact that the empirical coefficient of the correlation was established by considering explosion tests performed in standard conditions in the 20L sphere. The equation was applied with a coefficient 0.11 as proposed by the authors, but it makes it valid only for (dP/dt)m and Pm obtained with an ignition delay time of 60 ms, i.e. a root-mean square velocity of 3.5 m.s -1 , as previously presented in Table 1. The laminar burning velocity was then calculated by application of Silvestrini's correlation (eq. 6) to the parameters Pm and (dP/dt)m obtained with a standard explosion in the 20L sphere, with an ignition energy of 10J and ignition delay time of 60 ms. Moreover, since [START_REF] Cuervo | Influences of turbulence and combustion regimes on explosions of gas-dust hydrid mixtures[END_REF] and [START_REF] Dahoe | On the transient flow in the 20-liter explosion sphere[END_REF] showed that the vertical velocity of the particles is close to zero for ignition delay times greater than 300 ms in the propagation tube and in the 20L sphere, and since the flame kernel stays put when growing, the flame propagation visualized in both equipment is considered to be independent of the turbulence level, and the laminar burning velocity was then estimated by averaging the measured values of unstretched burning velocities. However, in addition to the difficulties to identify the flame kernel in the vented sphere, significant fluctuations in the velocity in the sphere can explain the more important scattering of the values of the unstretched burning velocities obtained compared to the ones obtained in the tube. The values of laminar burning velocity of the nanocellulose determined for each method are presented in Table 2. 21.4 ± 1.4 20.5 ± 3.2 19.9 ± 3.0

It first appears that the three methods lead to similar results, the propagation tube providing the less scattered values of laminar burning velocity. The calculation performed using [START_REF] Shelkin | Correlations for flame speed and explosion overpressure of dust clouds inside industrial enclosures[END_REF] correlation also provides a value in good agreement with the values measured by flame propagation analysis, but with a higher uncertainty than in the propagation tube. It is mainly due to the lack of reproducibility of the experiments in the standard 20L sphere at 60 ms [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]. Indeed, at an ignition delay time of 60 ms, the turbulence level is in the "transition stage" identified by [START_REF] Murillo | Proposal of a new injection nozzle to improve the experimental reproducibility of dust explosion tests[END_REF], and turbulence variations have a strong impact on the maximum rate of pressure rise. Adapting the correlation with a coefficient estimated from experiments performed in pseudo-laminar conditions, i.e. higher ignition delay time, would then improve the accuracy of the estimation of the laminar burning velocity. It would then be interesting to use flame propagation analysis on different powders to determine such a coefficient and to apply it to the correlation established by [START_REF] Shelkin | Correlations for flame speed and explosion overpressure of dust clouds inside industrial enclosures[END_REF]. However, this adapted correlation would have to be used with Pm and (dP/dt)m measured in the same turbulent conditions than the coefficient, which can limit the application of such a relation. To apply this correlation to different conditions and represent industrial situations, an evaluation of the evolution of the correlation coefficient with the initial turbulence is then required.

Since the correlation has been validated for nanocellulose at 60 ms, a first estimation of the coefficient dependency with the turbulence was realized through explosion tests conducted in the standard closed 20L vessel by varying the ignition delay time from 60 ms to 300 ms. By applying the correlation used previously and considering the value obtained at 60 ms as a reference, the corrected correlation coefficients were estimated for different root-mean square velocities, as presented in Figure 15. It appears that the value to consider to obtain the laminar burning velocity of 19.9 cm.s -1 increases when decreasing the root-mean square velocity, reaching 0.28 at 0.4 m.s -1 , i.e. more than twice the initial value of 0.11 at 3.5 m.s -1 . The correlation coefficient follows the same evolution as the time after dispersion with the rootmean square velocity, which implies that it could be correlated by a decay law similar to the one established by [START_REF] Dahoe | On the transient flow in the 20-liter explosion sphere[END_REF] relating the root-mean square velocity and the time.

The determination of such a relation, coupled with a correlation linking the evolution of (dP/dt)m with the initial turbulence, could then enable an accurate determination of the laminar burning velocity in the closed 20L sphere.

Figure 15. Evolution of the time after dispersion and the coefficient from Silvestrini's correlation with the root-mean square velocity in the 20L sphere [START_REF] Krause | The influence of flow and turbulence on flame propagation through dust-air mixtures[END_REF] reported laminar burning velocities presented in the literature for different concentrations of two organic powders: lypocodium and cornstarch. Values from 17 cm.s -1 to 69 cm.s -1 were then obtained for lycopodium, and velocities between 13 cm.s -1 and 59 cm.s -1 were acquired for cornstarch. More specifically, van der Wel (1993) reported a laminar flame velocity for cornstarch of 13 cm.s -1 at 400 g.m -3 using the 20L sphere coupled with a correlation based on Mallard and Le Chatelier thermal theory, and 13 to 20 cm.s -1 using the burner method for concentrations from 400 g.m -3 to 600 g.m -3 . [START_REF] Haghiri | Modeling of laminar flame propagation through organic dust cloud with thermal radiation effect[END_REF] also calculated laminar burning velocities for organic powders from 15 cm.s -1 to 45 cm.s -1 for concentrations from 30 g.m -3 to 100 g.m -3 using a model considering the thermal radiation effect. Moreover, [START_REF] Cuervo | Determination of the burning velocity of gas/dust hybrid mixtures[END_REF] also measured a laminar burning velocity for 915 g.m -3 of starch around 19.9 cm.s -1 . Since starch and nanocellulose have similar structures and composition, these values are in good agreement with the value of 21.4 cm.s -1 obtained in the tube for the nanocellulose, despite the different concentrations.

The Markstein length was also calculated from video analysis of the flame propagations in the tube and the vented sphere. Similar values were obtained in both equipment, with a mean value of -0.25 mm in the propagation tube and -0.19 mm in the vented sphere. A negative value of the Markstein length means that the flame speed increases with the stretch rate, implying that the flame is unstable. However, the obtained values are very low (absolute values usually lower than 1 mm), and some positive values up to 0.3 mm were also obtained when analyzing the flame propagation videos under certain conditions, which makes it difficult to draw an accurate conclusion on the Markstein length of nanocellulose flames.

Nevertheless, it should be stressed that these values are much lower than that obtained by Dahoe et al. (2002) for cornstarch-air mixtures, i.e. 11.0 mm, but are a bit higher than those encountered for methane-air mixtures, i.e. from 0.1 to 0.2 mm. This can be related to the fact that nanocellulose is prone to devolatilization when exposed to high temperatures.

Influence of the dust concentration

Even though the theoretical stoichiometric concentration for the combustion of nanocellulose is of approximately 250 g.m -3 , it appears in Figure 8 that the most severe explosions were obtained for concentrations of 750 g.m -3 and 1000 g.m -3 in terms of maximum overpressure and maximum rate of pressure rise. It is then legitimate to investigate the influence of the dust concentration on the laminar burning velocity. However, the estimation of the flame propagation at high concentration is difficult since the dust cloud can hinder the visualization of the flame kernel. A few tests were performed in the flame propagation tube at larger dust concentrations (i.e. 750 g.m -3 ) and a slight increase of the flame velocity was observed.

However, since it is currently impossible to accurately estimate the laminar burning velocity at high concentration using the flame propagation visualization method due to flame obscuring, it was calculated as previously, using the correlation established by Silvestrini et al. ( 2008) coupled with the standard results presented in Figure 8. It has to be noticed that those experiments were carried out with chemical ignitors of 10 kJ, contrary to the results presented in Figure 14 carried out using an electrical spark of 10 J, which limits the impact of the shock wave created by the igniters.

Figure 16. Evolution of the laminar burning velocity calculated by a semi-empiric correlation with the mass concentration

Since the laminar burning velocity is calculated from the knowledge of the maximum overpressure and the maximum rate of pressure rise, it follows the same evolution as those parameters (Figure 16). The maximum value is obtained around 32 cm.s -1 for a concentration of 1000 g.m -3 . This value is close to the laminar burning velocity of stoichiometric methane generally reported to be around 35 cm.s -1 [START_REF] Bradley | Burning velocity and Markstein length blending laws for methane/air and hydrogen/air blends[END_REF] for a maximum overpressure of 7.2 bars and a Kg of 395 bar.m.s -1 , measured in standard conditions by Torrado et al. (2017a). The value calculated for the nanocellulose with the correlation then seems higher than expected considering its medium explosion severity compared to pure methane, thus questioning the validity of the correlation for high concentrations. Indeed, Silvestrini et al.

(2008) have chosen 24 dust-air mixtures to calculate the coefficient for the semi-empiric correlation. However, it should be stressed that, among these mixtures, only 3 dust concentrations were higher than 500 g.m -3 . The same method considering mixtures with a larger range of concentrations may then extend the validity of the correlation to higher concentrations. Indeed, in order to realize an accurate evaluation of the explosion consequences, the influence of the dust concentration on the laminar burning velocity must be considered. The value corresponding to the worst-case scenario could then be loaded in simulation and by adding the contribution of the turbulence of the dust cloud, the consequences of an explosion in specific conditions can be estimated. It implies that the turbulent burning velocity has to be deduced from the knowledge of the laminar burning velocity and the turbulence level.

Application of turbulent burning velocity models

Several correlations relating the turbulent burning velocity to the laminar burning velocity and the turbulence intensity exist in the literature, and were notably summarized by [START_REF] Andrews | Turbulence and turbulent flame propagation-A critical appraisal[END_REF], [START_REF] Dahoe | On the Application of the Levenberg-Marquardt Method in Conjunction with an Explicit Runge-Kutta and an Implicit Rosenbrock Method to Assess Burning Velocities from Confined Deflagrations[END_REF] and [START_REF] Gülder | Turbulent premixed flame propagation models for different combustion regimes[END_REF]. Although these models were established for premixed flames, some of the correlations presented by [START_REF] Dahoe | On the Application of the Levenberg-Marquardt Method in Conjunction with an Explicit Runge-Kutta and an Implicit Rosenbrock Method to Assess Burning Velocities from Confined Deflagrations[END_REF] were tested in this study to be compared, in a reverse approach, to the values of turbulent burning velocities obtained by analyzing the flame propagation in the tube (Table 3). In addition to those correlations, the relation established by [START_REF] Popat | Investigations to improve and assess the accuracy of computational fluid dynamic based explosion models[END_REF] used in the FLACS-DustEx CFD code (relation (g)) was applied to the experimental data produced in this work [START_REF] Ghaffari | A brief review on the effect of particle size on the laminar burning velocity of flammable dust: Application in a CFD tool for industrial applications[END_REF][START_REF] Skjold | Review of the DESC project[END_REF].

Table 3. Some turbulent burning velocity models for premixed flame propagation Notation Formula Reference (a) [START_REF] Damkoehler | The Effect of Turbulence on the Flame Velocity in Gas Mixtures[END_REF] (b)

1 2 1 3 = 1 + 1 45 1 3 ( 
1 2 1 3 = 61 + 7 1 89: 1 ; < 2 (Shelkin, 1947) (c) 
1 2 1 3 = 1 + 6 5 12 1 45 1 3 [START_REF] Taylor | Diffusion by Continuous Movements[END_REF] (d) [START_REF] Taylor | Diffusion by Continuous Movements[END_REF] (e) .BCD 1 89: 0.412 F 0.196 [START_REF] Popat | Investigations to improve and assess the accuracy of computational fluid dynamic based explosion models[END_REF] Concerning the models mentioned by [START_REF] Dahoe | On the Application of the Levenberg-Marquardt Method in Conjunction with an Explicit Runge-Kutta and an Implicit Rosenbrock Method to Assess Burning Velocities from Confined Deflagrations[END_REF], it appears in Figure 17 that an average difference of 55% is observed between the model providing the best fitting, i.e. model (d) from [START_REF] Taylor | Diffusion by Continuous Movements[END_REF], and experimental data, meaning none of the models actually fits the experimental data. This statement is not only related to the fact that correlations established for premixed flame were applied to a diffusional flame, since it was previously underlined for premixed flames of methane-air and hydrogen-air mixtures by [START_REF] Dahoe | On the Application of the Levenberg-Marquardt Method in Conjunction with an Explicit Runge-Kutta and an Implicit Rosenbrock Method to Assess Burning Velocities from Confined Deflagrations[END_REF], who then proposed a semi-empiric correlation of the following form :

1 2 1 3 = 1 + √2 7 1 45 1 3 < / (
1 2 1 3 = 6 1 + @ 2 1 89: 1 ; A 2 (Leason, 1951) (f) 
I J = 1 + K L M M N O$ J M 0 (8) 
a1, a2 and a3 being three coefficients to determine experimentally and Da the Damköhler number. They observed that two distinct sets of coefficients exist in their operating conditions, revealing that the establishment of a unique correlation allowing the calculation of the turbulent burning velocity from the knowledge of the laminar burning velocity and the turbulence intensity is not trivial, even for gases.

The model established by [START_REF] Popat | Investigations to improve and assess the accuracy of computational fluid dynamic based explosion models[END_REF] and considered in the CFD code used by [START_REF] Skjold | Review of the DESC project[END_REF] clearly provides the best fitting with the experimental data from this work, with an average difference of 20%. The difference can be due to experimental uncertainties, notably concerning the point at SuT/SuL = 6.8, but also to the different assumptions concerning the correlation, such as a constant kinematic viscosity and the integral length scale li equal to 1 cm [START_REF] Skjold | Selected aspects of turbulence and combustion in 20-Litre explosion vessel[END_REF]. A proper estimation of the turbulent velocity being essential to provide an accurate risk assessment concerning the consequences of an explosion, further investigations on such models is required. The use of nanopowders for such analyses allows reaching very low turbulence levels and thus reduces the impact of turbulence on the flame kernel growth, approaching 'pseudolaminar' conditions. It has notably been underlined that using such flame propagation analyses at low turbulence can support the development of semi-empiric correlations allowing the estimation of the laminar burning velocity from the knowledge of the pressure-time evolution in the standard 20L sphere. The laminar flame velocity being an intrinsic property of the dust-air mixture, it is likely that such techniques could be used in addition to standardized tests in the 20L sphere in order to increase the scope of their results. Indeed, results obtained from standard tests in standards equipment can only be applied to larger enclosures if reliable scaling laws are available. Otherwise, these results are only valid for the specific operating conditions defined by the standards. But, as previously stated in introduction, the validity of the widespread 'cube-root-law' depends on several limiting assumptions. Therefore, the determination of a laminar burning velocity can help to overcome such limitations by providing an accurate risk assessment independent from the operating conditions.

However, the knowledge of the laminar burning velocity of a mixture is valuable for industrial purposes only if reliable models exist, converting it to a spatial/turbulent burning velocity knowing the turbulent conditions of the cloud. This point is far from being trivial for dusts and some efforts still have to be made in this direction.

  and 10 kJ chemical igniters. The tube tests were performed at 300 mJ and in the 20L sphere, open and closed, an energy of 10J was used, knowing the minimum ignition energy of the chosen dried nanocellulose for those experiments is about 5 mJ as measured in a Mike 3 apparatus.
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 2 Figure 2. Schematic of the Schlieren setup and the modified 20L sphere

  the standard closed 20L sphere were performed according to EN 14034-1:2004 + A1:2011 and EN 14034-2:2006 + A11:2011 on the nanocellulose and on microcrystalline cellulose (Avicel, d50 = 108 µm) for comparison. 2.4. Assessment of unstretched flame velocity for nanopowders The determination of the unstretched flame velocity was performed both by direct visualization of the flame propagation and by analyzing the pressure-time curves recorded during an explosion in the 20 L sphere. 2.4.1. Flame propagation experiments 2.4.1.1. Flame propagation and stretching observation

Figure 3 .

 3 Figure 3. Time evolution of the flame profile in the semi-open tube for a dispersion of
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 4 Figure 4 that the scattering of data is far from being negligible, which is notably due to uncertainties in the flame surface determination at each step of the propagation and hinders sometimes the application of such correlation.
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 4 Figure 4. Illustration of the burning velocity -stretching factor relation for a 500 g.m -3
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 5 Figure 5. Evolution of the front flame position, flame area and cross-section with time for a
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 6 Figure 6. Illustration of the burning velocity -stretching factor relation after smoothing for a
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 7 Figure 7. Evolution of the particle size distribution of nanocellulose agglomerates 200 ms
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 8 Figure 8. a) Maximum overpressure and b) maximum rate of pressure rise of nanocellulose

Figure 9 .

 9 Figure 9. Visualization of flame propagation of 500 g.m -3 of nanocellulose in the tube 5 ms

Figure 10

 10 Figure 10 presents the results obtained in the flame propagation tube and in the open 20Lsphere at different ignition delay times, calculated by linear and nonlinear relations. It appears in Figure10a that unstretched burning velocities between 18 and 23 cm.s -1 are obtained using the linear equation and that velocities ranging between 17.5 and 26 cm.s -1 are obtained with the nonlinear relation, which remains in the same order of magnitude. Both methods lead to similar values, even if the dispersion of the experimental data seems to be more significant in the case of the nonlinear equation. Moreover, Figure10bshows that the analytical uncertainties are higher when applying the nonlinear relationship to the experimental data measured in the open 20L sphere.
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 10 Figure 10. Evolution of the unstretched burning velocity of 500 g.m -3 of nanocellulose with
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 12 Figure 12. a) Explosion in the open 20L sphere and b) visualization of the flame kernel 5 ms
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 13 Figure 13. Evolution of the unstretched burning velocity with the root mean square velocity in

Figure 14 .

 14 Figure 14. Evolution of the unstretched burning velocity with the root mean square velocity

Figure 17 .

 17 Figure 17. Comparison between models listed in Table 3 and experimental turbulent burning

  

  This linear relation is valid if the flame stretching is weak, i.e. if the Karlovitz number is low, and if the ratio of thermal diffusivity to mass diffusivity, called the Lewis number, is equal to unity.2.4.1.3. Non-linear relationEven if the linear relation has been extensively adopted in various studies concerning flame propagation(Beckmann et al., 2019; Bradley et al., 2019; Ichikawa et al., 2019; Torrado et al., 2017), it has some limitations(Petersen and Emmons, 1961). Indeed, this relation is less accurate for Lewis numbers different from unity(Tien and Matalon, 1991) and if the flame stretching level is high, which corresponds to great values of the Karlovitz factor (
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 2 Laminar burning velocity of the nanocellulose estimated by the three different
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	Method	Flame propagation tube (flame visualization)	Open 20L sphere (flame visualization)	Standard 20L sphere (pressure evolution)
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