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Introduction

A reliable modeling of the mass loss rate of vegetation is a key feature in detailed models of forest fires [START_REF] Mell | Numerical simulation and experiments of burning douglas fir trees[END_REF]. The gas quantity released by the vegetal fuel corresponds to this mass loss and it supplies the flame spread during the fire. An accurate modeling of the mass loss is thus a crucial point to have reliable propagation models of forest fires. There are many different approaches to model the thermal degradation of wood. Generally, the kinetic mechanisms can be divided in two classes: the lumped approaches and the constituent approaches. The lumped approaches consider the wood as a homogeneous compound. The simplest models consider a single step for the conversion of the wood into gas, char and occasionally tars [START_REF] Murty | Pyrolysis effects in the transfer of heat and mass in thermally decomposing organic solids[END_REF]. It exists also mechanisms assuming that the wood decomposes in tars, char and gas according to three parallel steps. These primary reactions have been widely investigated in the literature [START_REF] Font | Gas production by almond shell pyrolysis at high temperature[END_REF][START_REF] Thurner | Kinetic investigation of wood pyrolysis[END_REF][START_REF] Font | Kinetics of the pyrolysis of almond shells and almond shells impregnated with cobalt dichloride in a fluidized bed reactor and in a pyroprobe 100[END_REF]. The tars decompose then into gas and char according to two parallel reactions (called secondary reactions) [START_REF] Thurner | Kinetic investigation of wood pyrolysis[END_REF][START_REF] Blasi | Modeling and simulation of combustion processes of charring and non-charring solid fuels[END_REF][START_REF] Shafizadeh | Thermal Deterioration of Wood[END_REF]. These secondary reactions are often used to describe the tars cracking in gases and their polymerization in chars. Another kind of lumped approach assumes successive stages of degradation of virtual compounds, corresponding to different states of the wood during its degradation. For example, Fateh et al. [START_REF] Fateh | Kinetic and mechanism of the thermal degradation of a plywood by using thermogravimetry and Fourier-transformed infrared spectroscopy analysis in nitrogen and air atmosphere[END_REF] used a kinetic mechanism with six successive steps to describe the thermal degradation of plywood whereas Benkorichi et al. [START_REF] Benkorichi | Investigation of thermal degradation of pine needles using multi-step reaction mechanisms[END_REF] tested a model with seven steps to represent the thermal degradation of pine needles. Unlike lumped models, the constituent approaches assess the degradation of each compound of the initial material. Then, the thermal degradation is obtained by summing the contribution of each constituent. Wood is generally considered as a combination of three main biopolymers, which are hemicellulose, cellulose and lignin. The thermal degradation of cellulose has been the most studied [START_REF]Kinetics of reactions involved in pyrolysis of cellulose I. The three reaction model[END_REF][START_REF] Lipska | Kinetics of the pyrolysis of cellulose in the temperature range 250-300[END_REF][START_REF] Vovelle | Kinetics of the thermal degradation of cellulose and wood in inert and oxidative atmospheres[END_REF]. Three different approaches are mainly used to describe the cellulose degradation. Bradbury et al. [START_REF] Bradbury | A kinetic model for pyrolysis of cellulose[END_REF] developed a three-step kinetic mechanism for cellulose. A preliminary step occurs first to account for the reduction of the degree of polymerization, leading to the introduction of an "active" cellulose. Then, this active cellulose decomposes in two parallel steps giving volatiles and char+gases. This mechanism has since been frequently used to model the thermal degradation of cellulose [START_REF] Blasi | Modeling and simulation of combustion processes of charring and non-charring solid fuels[END_REF][START_REF] Blasi | Modeling chemical and physical processes of wood and biomass pyrolysis[END_REF]. Miller and Bellan [START_REF] Miller | A Generalized Biomass Pyrolysis Model Based on Superimposed Cellulose, Hemicelluloseand Liqnin Kinetics[END_REF] extended the use of this model to the degradation of the whole wood biopolymers. Another approach to model cellulose degradation has been proposed by Kilzer and Broido [START_REF] Miller | A Generalized Biomass Pyrolysis Model Based on Superimposed Cellulose, Hemicelluloseand Liqnin Kinetics[END_REF]. They consider that cellulose first undergoes a dehydration before leading to tars and chars. Finally, Agrawal [START_REF]Kinetics of reactions involved in pyrolysis of cellulose I. The three reaction model[END_REF] has modeled the pyrolysis of cellulose by using a three reaction model. He assumed that cellulose decomposes into tars, chars and gaseous products via three competitive first-order reactions. Concerning the hemicellulose, most of the studies have been Regardless of the approach used to model wood degradation, the kinetic parameters for reaction schemes are generally calculated from thermogravimetric experiments [START_REF] Blasi | Modeling chemical and physical processes of wood and biomass pyrolysis[END_REF][START_REF] Leroy | Thermal degradation of ligno-cellulosic fuels: DSC and TGA studies[END_REF][START_REF] Poletto | Thermal decomposition of wood: Kinetics and degradation mechanisms[END_REF]. At this scale, the experimental conditions are well-controlled but they are not representative of those encountered in actual fires. The heating rates are indeed much lower than those reached in wildland fires. In addition, the vegetative fuels are often reduced to powder (matter scale) to avoid thermal gradients, and this can alter the structure of the material. The test of the kinetic mechanisms at a larger scale with higher heating rates and where heat and mass transfers occur is therefore essential before using them in physics-based codes of forest fires. Cone calorimeter experiments are interesting tests to assess the ability of these thermal mechanisms to model the mass loss of materials. The cone calorimeter allows reaching realistic heating rates thanks to high radiant heat fluxes conditions and tests are performed at material scale. With this device, the thermal transfers within the material influence the degradation for thermally thick samples. For such case, the problem is complex since the degree of conversion varies within the material and its thermal parameters must be known or estimated.

In this context, we proposed to evaluate three kinetic mechanisms describing the thermal decomposition of thin plates of wood under oxidizing atmosphere at matter and material scales. Thermally thin plates of wood were considered in this study for many reasons. Firstly, the spread of forest fires is mainly driven by thermally thin fuels (leaves, needles). Secondly, the use of thermally thin fuels avoids considering the heat transfer within the sample and the determination of the thermal parameters of the material. Furthermore, the variation of those parameters with temperature during the degradation of materials is rarely known. In general, the parameters (or variation laws) are obtained after an optimization [START_REF] Fateh | Multi-scale modeling of the thermal decomposition of fire retardant plywood[END_REF] which can possibly induce a bias in the evaluation of the performances of a degradation mechanism. We used plates of wood because a previous work revealed that the study of the reaction to fire of forest fuels such as leaves or thin twigs with cone calorimeter has many drawbacks [START_REF] Tihay-Felicelli | Autoignition of Dead Shrub Twigs: Influence of Diameter on Ignition[END_REF]. First, it is difficult to keep a constant geometry of the samples from an experiment to the other because the leaves and twigs tend to overlap. Secondly, as the fuels are thin, the exposure to an incident radiant heat flux involves a fuel deformation during the preheating and the thermal degradation. Therefore, each part of the fuel sample does not undergo the same value of radiant heat flux over time, which may affect the kinetic study. Then this deformation does not allow to consider a constant surface of exposure of the samples. Because of these drawbacks, the use of thermally thin wooden plates is a good compromise in our case. This kind of material avoids temperature gradients within the sample and it allows to hold a constant and flat fuel geometry while keeping the characteristic thickness of vegetation leaves, needles and twigs. Then, pieces of plates can be used directly in thermogravimetry crucible instead of using powder which could alter the structure of the wood.

Therefore, these experimental conditions would allow to focus only on the kinetics of wood decomposition. The work presented hereafter is divided into two parts. The first section describes the experimental devices used for the experiments at matter and material scales. The second section presents the results and discussion. The experimental TGA results under inert and oxidizing atmospheres are described. Then, the measurement obtained with the cone calorimeter experiments are analyzed in particular the temperature and the mass loss measurements. Finally, the last part presents the kinetic study for both woods.

Material and method

The experiments were performed with two kinds of untreated wooden sheets of 0.6 mm thick: oak (Quercus alba) and eucalyptus (Eucalyptus globulus). For all experiments, the wood plates were oven-dried at 60°C during 24 hours to remove the moisture. The density of the dry samples was determined with a pycnometer. We obtained 630 kg/m 3 and 750 kg/m 3 for oak and eucalyptus, respectively. Elemental analysis (CHON) was carried out according to the standard EN ISO 16948. The quantity of ash has been determined with a calcination at 550°C and 815°C according to the standard ISO 1171. Table 1 shows the results for both woods.

The chemical analysis allowing the determination of the proportion of hemicellulose, cellulose, lignin and extractives was also carried out for both woods (Table 2). The results are very close to those of Silva et al. for eucalyptus [START_REF] Da Silva | Permeability measurements of brazilian Eucalyptus[END_REF] and Pettersen for oak [START_REF] Pettersen | The Chemical Composition of Wood[END_REF]. Two repetitions have been done for each constituent. Table 2 presents the mean values obtained for these components for each wood with the standard deviation in brackets.

Experiments at matter scale were conducted with a PerkinElmer Pyris 1 thermogravimetric analyzer. The samples were cut from the thermally thin plate to obtain discs of 4 mm diameter corresponding to an initial dry mass m0 of 4.6 mg (± 0.6 mg) and 6.2 mg (± 0.5 mg) for oak and eucalyptus, respectively. As the density of both woods is different, the initial dry masses are slightly different for oak and eucalyptus. The discs were placed in a 33 µl open platinum crucible. The samples were heated up to 650°C with five heating rates: 2, 5, 10, 20 and 30 °C/min. To focus only on the pyrolysis and on the char oxidation, we considered the mass loss recorded between 150 and 750°C in order to avoid the effects of the dehydration of water. The mass loss measurements were performed under inert atmosphere by using nitrogen and under oxidizing atmosphere by using synthetic air. The mass loss rate was calculated directly from the mass loss measurements using a non-centered mass loss derivative. As this result was considerably noisy, we used a low pass filter to smoothen the MLR calculations. In addition, the char oxidation was studied separately from the gasification stage. For this, the wood samples were first gasified under nitrogen to obtain residual dry mass of char of 2.5 mg (± 0.1 mg). Then, the char was heated up to 650°C under air condition. For each kind of experiment, at least three tests were carried out to ensure the reproducibility of the measurements. The mean standard deviations are equal to 0.034 mg and 0.044 mg for oak and eucalyptus respectively.

The experiments at material scale were carried out with a cone calorimeter [START_REF] Babrauskas | A cone calorimeter for controlledatmosphere studies[END_REF]. Plates of 100 × 100 × 0.6 mm 3 were cut in the wooden sheets to be used as samples. They were oven dried at 60°C during 24 hours before each experiment. The initial dry mass was 3.2 g (± 0.4 g) and 3.9 g (± 0.4 g) for oak and eucalyptus respectively .The wooden plates were placed on a ceramic wool in a sample holder mesh basket of 10 ×10 cm 2 made of stainless steel [START_REF] Tihay-Felicelli | Autoignition of Dead Shrub Twigs: Influence of Diameter on Ignition[END_REF]. The sample holder was then positioned on a load cell over an insulating ceramic plate. The slabs were located at 25 mm from the cone heater. As the plates are very thin, a wired mesh steel railing with an exchange surface of 10 cm² was positioned above the plates. This size corresponds to 10% of the plate surface. It was the weakest exchange surface that avoids cracking and deformation of the plates during the experiments. Before each set of experiments, the load cell was calibrated using standard weighs. Its precision was 0.1 g and the sampling frequency was equal to 1 Hz. Four radiant heat fluxes varying between 16 and 25 kW/m² were imposed at the top of the plate. They were chosen in order to obtain fast heating rates while avoiding the ignition of the released gases and therefore the flaming stage. The level of radiant heat flux was checked with a flux meter before each experiment. The smoke extraction was performed with an exhaust fan at a flow rate of 24 l/s. The plate temperature was recorded with metal sheathed K-type thermocouples (OMEGA KMTSS-IM025G-300) of 250 µm diameter, located on the back face of the plate in order to avoid the radiation sent by of the cone heater. As a first stage we used two thermocouples located respectively at the center of the plate and at 1 cm from the edge of the plate (see crosses in Figure 1). The sixteen thermocouples (represented by circles in Figure 1) were used to derive a field of temperature. The first thermocouple was located at 2 cm from the upper left edge of the plate and the others were separated from each other by 2 cm following the length and width of the plate. The measurements of the mass loss and temperature were performed separately. The presence of thermocouples induces a pressure on the load cell, which alters the mass measurement. For all kind of measurements, at least three repetitions were performed.

Results and discussion

3.1. Experimental results at matter scale 3.1.1. Degradation under inert atmosphere Figure 2 presents the evolution of the non-dimensional mass loss and mass loss rate for both woods and all heating rates under nitrogen. The wood pyrolysis follows a similar trend for both woods with three steps of degradation:

-Between 200°C and 350°C, a first reaction occurs where the peak of mass loss rate is higher for oak. This peak mainly corresponds to the degradation of hemicellulose [START_REF] Grønli | Thermogravimetric analysis and devolatilization kinetics of wood[END_REF]. The intensity of this stage is an average 1.7 times higher for oak than eucalyptus.

According to the chemical analysis (Table 2), the percentages of hemicellulose correspond to 28.22% and 19.47% respectively for oak and eucalyptus. Oak contains more hemicellulose than eucalyptus, which explains a higher intensity of the mass loss rate of oak for this stage. -Between 350 and 450°C, a second reaction appears and leads to the most significant peak of mass loss rate for both woods. The mass loss is about 70% and 60% for oak and eucalyptus respectively. This degradation stage mainly corresponds to the degradation of cellulose [START_REF] Grønli | Thermogravimetric analysis and devolatilization kinetics of wood[END_REF]. Unlike to the first reaction, the intensity of the rate of mass loss of both woods is similar. It is however slightly highest for eucalyptus which contains more cellulose (see Table 2). -Beyond 450°C, the mass loss decreases slowly leading to the formation of a long shoulder on the mass loss rate curves. This stage mainly corresponds to the degradation of lignin [START_REF] Grønli | Thermogravimetric analysis and devolatilization kinetics of wood[END_REF]. The intensity and the duration of the shoulder is slightly higher for eucalyptus than for oak, although not perceptible on the curves because of the scale. This is in agreement with the content of lignin of the woods since according to the chemical analysis the percentages of lignin are respectively 26.60% and 34.95% for oak and eucalyptus.

Although the three reactions occur at similar onset temperature ranges for both woods, we note however that the reactions of oak begin at a temperature slightly lower than those of eucalyptus. We notice that the peaks of mass loss rates increase with the heating rate. In addition, the mass loss is shifted toward higher temperatures by increasing the heating rate. These results are in accordance with the literature [START_REF] Fateh | Kinetic and mechanism of the thermal degradation of a plywood by using thermogravimetry and Fourier-transformed infrared spectroscopy analysis in nitrogen and air atmosphere[END_REF][START_REF] Leroy | Thermal degradation of ligno-cellulosic fuels: DSC and TGA studies[END_REF][START_REF] Branca | Critical evaluation of global mechanisms of wood devolatilization[END_REF]. The quantity of residues produced at the end of the pyrolysis varies according to the wood considered but stays almost constant whatever the heating rate. The chars represent in average 23% of the initial mass for oak and 28% for eucalyptus. These values are in the range of the results found in literature for woods [START_REF] Slopiecka | Thermogravimetric analysis and kinetic study of poplar wood pyrolysis[END_REF][START_REF] Chen | Pyrolysis behaviors and kinetic studies on Eucalyptus residues using thermogravimetric analysis[END_REF][START_REF] Hu | Pyrolysis of different wood species: Impacts of C/H ratio in feedstock on distribution of pyrolysis products[END_REF].

Degradation under oxidizing atmosphere

Figure 3 presents the evolution of the non-dimensional mass loss and mass loss rate obtained for oak and eucalyptus for all heating rates under air condition. As for the inert flow cases, the curves under air follow the same trend for both woods. We find indeed the three steps presented above corresponding to the degradation of hemicellulose, cellulose and lignin. However, an additional mass loss step appears for both woods after 400°C. This step corresponds to the char oxidation.

For oak, the char is completely oxidized before 650°C whatever the heating rate tested. Conversely, for eucalyptus, the char oxidation is not finished at 650°C for the heating rate of 30°C/min. The char oxidation lasts longer for eucalyptus than for oak. For each wood, the quantity of residues after the thermal degradation and the char oxidation is almost constant whatever the heating rate except for eucalyptus. We obtained indeed a mean value of 0.57 % for oak. For eucalyptus, the mean value is equal to 0.17 % for the heating rates between 2 and 20°C/min whereas at 30°C/min, the remaining quantity is equal to 5.92 % as the char has not been entirely consumed. The results obtained are in agreement with the analysis for determining the quantity of ash (see Table 1). The ash content of oak is indeed higher than that of eucalyptus.

Since the char oxidation occurs at the same time as the degradation of lignin, it is difficult to know with Figure 3 whether the char oxidation occurs in one or more steps. To answer to this question, the char oxidation was studied separately from the gasification stage. For this, the wood samples were first gasified under nitrogen to obtain char. Then, the char residues were heated up to 650°C under air condition. Figure 4 shows the mass loss rate for oak and eucalyptus at a heating rate of 20°C/min. At this heating rate, the char oxidation occurs between 350 and 570°C for oak and 350 and 650°C for eucalyptus. For both woods, these curves suggest that the char oxidation could be represented by a single step.

To point out the effect of the atmosphere on the thermal degradation, the mass loss rates obtained under air and nitrogen have been compared for the two woods at each heating rates. To illustrate the differences, Figure 5 shows the comparison for eucalyptus at 10°C/min. Similar results were obtained for oak and other heating rates. For the first degradation step, no difference in behavior is observed between the inert and oxidizing atmosphere experiments. However, the second reaction is shifted toward higher temperatures under nitrogen atmosphere. In addition, the mass loss rate is higher under inert atmosphere than under oxidizing one. For the third step, it is difficult to conclude since the char oxidation occurs under air. The observed temperature shift on the maximum peak is in agreement with other results from the literature [START_REF] Fateh | Kinetic and mechanism of the thermal degradation of a plywood by using thermogravimetry and Fourier-transformed infrared spectroscopy analysis in nitrogen and air atmosphere[END_REF][START_REF] Fang | Kinetic study on pyrolysis and combustion of wood under different oxygen concentrations by using TG-FTIR analysis[END_REF][START_REF] Ohlemiller | Wood gasification at fire level heat fluxes[END_REF]. This phenomenon is attributed to a better air diffusion through the sample surface [START_REF] Blasi | Modeling and simulation of combustion processes of charring and non-charring solid fuels[END_REF][START_REF] Fang | Kinetic study on pyrolysis and combustion of wood under different oxygen concentrations by using TG-FTIR analysis[END_REF]. On the other hand, the increase of the maximum intensities of the second stage under inert atmosphere is not in agreement with the literature [START_REF] Fateh | Kinetic and mechanism of the thermal degradation of a plywood by using thermogravimetry and Fourier-transformed infrared spectroscopy analysis in nitrogen and air atmosphere[END_REF][START_REF] Fang | Kinetic study on pyrolysis and combustion of wood under different oxygen concentrations by using TG-FTIR analysis[END_REF][START_REF] Ohlemiller | Wood gasification at fire level heat fluxes[END_REF]. Indeed, the opposite result is generally observed. In order to determine whether this result was due to the conditioning of the plates as a disk, additional tests were carried out with powder and similar results were obtained. Therefore, the increase of the peak mass loss rate under nitrogen is a property of the wood.

3.2.Experimental results at material scale 3.2.1. Temperature measurements

Figure 6 presents the temperature recorded on the back face of the plate for both woods when submitted to a radiant heat flux of 18 kW/m². Two methods were considered: measurement by using two and sixteen thermocouples. As a sake of clarity, we plot only the mean temperature for all experiments (in solid lines) as well as the maximum and minimum temperatures (in dotted lines). After the shutter opening, the plate temperature increases during 200 s and 230 s for oak and eucalyptus, respectively. During this stage, the mean heating rate of the plate is about 180°C/min with maximum values higher than 500 °C/min at the beginning of the experiment for oak and around 450 °C/min for eucalyptus. Then, the temperature reaches an asymptote. By using two thermocouples, the asymptote is equal to 563°C for oak and 538°C for eucalyptus. By using sixteen thermocouples, the maximal value is equal to 554°C for oak and 556°C for eucalyptus. There are therefore few differences between both methods. However, the analysis of the curves highlights other important discrepancies. First of all, for the method with sixteen thermocouples, a significant variability is observed according to the position on the plate, particularly at the beginning of the experiments.

To illustrate this point, Figure 7 displays the temperature field derived from the measurements done with sixteen thermocouples in the case of oak plate and a radiant heat flux of 18 kW/m². The same tendency was observed at the other heat fluxes and for eucalyptus. The temperature is clearly heterogeneous on the plate, which is not visible with the two thermocouples method. The entire plate reaches indeed 300°C after 50 s. However, a warm ring appears after 100 s around 3 cm from the center of the plate, corresponding to the location where the char oxidation begins. The warm front then spreads from the center up to the edges of the plate over time. The appearance of the ring at this place is due to two opposite phenomena. First, the distribution of the radiant heat flux is heterogeneous on the plate due to the cone calorimeter configuration. Wilson et al. [START_REF] Wilson | Uniformity Of Radiant Heat Fluxes In Cone Calorimeter[END_REF] have indeed shown that for a 10 cm plate length at a height of 25 mm from the cone calorimeter, the incident radiant heat flux is homogeneous in a region near from the center of the plate. However, from 3 cm on either side of the center of the plate, the value of the incident radiant heat flux decreases significantly. The plate will therefore heat up faster in the center than on the sides. On the contrary, the air supply coming from the edges would favor the development of the char oxidation on the sides. The simultaneity of these phenomena causes the beginning of the ring at about 3 cm from the center. The second difference between both two and sixteen thermocouples methods can be observed on the maximum temperatures. With two thermocouples, the maximum temperature corresponds to 575°C for oak and 559°C for eucalyptus at 18 kW/m². However, with sixteen thermocouples, the maximum values reach 703°C for oak and 665°C for eucalyptus. These values are characteristics of the char oxidation front reaching the thermocouples, i-e when the embers touch the thermocouples. However, because of the plate deformation (despite the steel railing) and the size of the thermocouples, these latter often go off the plate. The probability to pick up the char oxidation front with two thermocouples is therefore less significant than with sixteen thermocouples. To describe as precisely as possible the thermal degradation of the plate, it is necessary to measure the temperature variations on the plate and in particular the temperature maxima. Indeed, the thermogravimetric study has shown (Fig. 3) that the char oxidation continues to occur after 600°C. It is therefore important to measure the temperatures above this value to model correctly the end of the plate degradation. Consequently, the method with two thermocouples is not suitable for determining the inlet temperature of a thermal degradation model. It is better to use the method with sixteen thermocouples in order to have access to the temperature field over the entire plate.

Mass loss evolution

Figure 8 presents the mass loss for both woods and all levels of radiant heat fluxes investigated.

To analyze the differences between both woods, we superimposed the mass loss and mass loss rate for a radiant heat flux of 16 kW/m² (Fig. 9). The higher the radiant heat flux, the faster the wood mass decreases. During fifteen seconds after the shutter opening, the mass remains constant until the whole plate reaches 250°C. Then, the mass loss rate increases significantly until reaching a maximum value corresponding to a mean temperature of the plate around 400°C. By comparing the mass loss of both woods at the same radiant heat flux on Fig. 9, we observe that the mass loss of oak plates is more significant than that of eucalyptus plates. Oak degrades faster than eucalyptus, with a maximum peak of mass loss rate slightly higher than for eucalyptus. This peak occurs at a higher temperature for eucalyptus than for oak (404°C for oak and 418°C for eucalyptus for a radiant heat flux of 16 kW/m²), which is in agreement with the TGA results. Finally, the residual mass reveals that only ash remained for oak experiments regardless of the radiant heat flux tested (0.2% of the initial mass). For eucalyptus, two behaviors were observed. Ash only remained (like for oak) for radiant heat fluxes higher than or equal to 23kW/m². For radiant heat fluxes of 16 and 18 kW/m², a residual mass of 8 and 2 % were obtained, respectively. In these cases, the char oxidation was not total because the temperatures of the plates were not high enough to sustain the whole oxidation of the char.

3.3.Kinetic study under oxidizing atmosphere

The thermogravimetric experiments were used to determine the kinetic parameters associated to three models of degradation. Then, the mechanisms were tested with the cone calorimeter experiments. As thermally thin plates were used, the temperature was not calculated for the cone calorimeter experiments. The temperatures recorded with the sixteen thermocouples were used as input for the kinetic mechanisms.

Kinetic analysis

The kinetics of heterogeneous condensed phase reactions is usually described by the following equation [START_REF] Vyazovkin | A unified approach to kinetic processing of nonisothermal data[END_REF] :

= = . . exp - . (1) 
where is the degree of conversion, t is the time, T is the absolute temperature, is a constant heating rate, A and are the Arrhenius parameters (pre-exponential factor and activation energy, respectively), R is the perfect gas constant and is the reaction model.

To determine the best kinetic mechanisms for modelling the thermal degradation of both woods under air, we first used an iso-conversional method to obtain the dependence of the activation energy on the conversion . According to Vyazovkin [START_REF] Vyazovkin | A unified approach to kinetic processing of nonisothermal data[END_REF], this dependence can be considered as a source of kinetic information. The activation energy was calculated for both woods with isoconversional method proposed by Friedman [START_REF] Friedman | Kinetics of thermal degradation of char-forming plastics from thermogravimetry. Application to a phenolic plastic[END_REF]. This method has indeed the advantage to give unambiguous (i.e. independent of -model) value of activation energy related to a given conversion. The iso-conversional method proposed by Friedman [START_REF] Friedman | Kinetics of thermal degradation of char-forming plastics from thermogravimetry. Application to a phenolic plastic[END_REF] is based on the logarithm form of Eq. ( 1):

= + - (2) 
The degree of conversion was defined as follows:

= ! (3) 
Where " is the mass, " # is the initial mass and " $% is the mass of ash at 815°C (Table 1) corresponding to 0.1% and 0.2% of the initial mass of oak and eucalyptus, respectively.

By assuming that the reaction model is independent of the heating rate, the activation energy was obtained using the following equation:

&' () *+ , ) -. = -) (4) 
where ln , and are respectively ln 1 (calculated from DTG curves) and the activation energy at a given degree of conversion .

Figure 10 shows the activation energy as a function of the degree of conversion for both woods. A first stage occurs for a degree of conversion lower than 0.2. For this stage, the activation energy is between 120 and 178 kJ/mol for eucalyptus and between 143 and 188 kJ/mol for oak. For a degree of conversion between 0.2 and 0.45, an increasing dependence of the activation energy on is observed. This tendency is characteristic of competing reactions, although some independent or consecutive reactions may also produce an increase of the activation energy with [START_REF] Vyazovkin | A unified approach to kinetic processing of nonisothermal data[END_REF]. This part of the curves corresponds to the degradation of cellulose and lignin. The decrease of the activation energy between 0.5 and 0.7 can be explained by the change from a kinetic to a molecular diffusion regime [START_REF] Vyazovkin | A unified approach to kinetic processing of nonisothermal data[END_REF] corresponding to the end of the thermal degradation of the bio-polymers and the beginning of the char oxidation. After 0.7, the activation energy become almost constant for both wood (around 109 kJ/mol for eucalyptus and around 106 kJ/mol for oak).

Presentation of the kinetic mechanisms

Based on the thermogravimetric results and the previous analysis, we decided to test kinetic mechanisms in four stages to represent the degradation of wood under air: the first three stages correspond to the thermal degradation of the wood and the last one to the char oxidation. Three different kinetic mechanisms have been developed to test different kinds of approach encountered in the literature [START_REF] Blasi | Modeling and simulation of combustion processes of charring and non-charring solid fuels[END_REF][START_REF] Shafizadeh | Thermal Deterioration of Wood[END_REF][START_REF] Shafizadeh | Thermal degradation of cellulose in air and nitrogen at low temperatures[END_REF].

The first mechanism is based on an approach by constituents [START_REF] Blasi | Modeling and simulation of combustion processes of charring and non-charring solid fuels[END_REF][START_REF] Blasi | Modeling chemical and physical processes of wood and biomass pyrolysis[END_REF][START_REF] Grønli | Thermogravimetric analysis and devolatilization kinetics of wood[END_REF] (called constituent approach). The dry wood (DW) is assumed to consist of hemicellulose, cellulose and lignin with mass proportions p1, p2 and p3, respectively. We consider that each constituent of the dry wood (DW) decomposes independently of each other leading to char and gases. The char oxidation is represented by a single reaction producing ash and gases: 23 = 4 5 67"897 : ;<7 + 4 = >7 : ;<7 + 4 ? @8A 8 (5a)

67"897 : ;<7 

Where C J (i= 1 to 4) represent the stoichiometric factors. The extractives are a complex mixture of chemical compounds (volatiles, tannins, …), whose mass is weak in comparison to those of hemicellulose, cellulose and lignin (see Table 2). Consequently, we did not explicitly distinguish them in this approach. We assumed that the woods were only composed of their three main constituents. New proportions for hemicellulose, cellulose and lignin were calculated to have a sum equal to 100%. The values of p1, p2 and p3 are given latter in Table 3.

The reaction rates KL J = M 1 of these steps are defined as follows:

KL J = 1 -J N M . J . 7O4 -M .
for 1 ≤ i ≤ 3 (6a) KL I = 4 5 5 + 4 = = + 4 ? ? -I N P . I . 7O4 -P .

(6b)

Where ni represents the reaction order.

The total conversion rate was then obtained with the following equation: 

The second mechanism is based on a lumped approach [START_REF] Shafizadeh | Thermal Deterioration of Wood[END_REF][START_REF] Fateh | Kinetic and mechanism of the thermal degradation of a plywood by using thermogravimetry and Fourier-transformed infrared spectroscopy analysis in nitrogen and air atmosphere[END_REF][START_REF] Benkorichi | Investigation of thermal degradation of pine needles using multi-step reaction mechanisms[END_REF]. It considers the following successive steps where the dry wood is degrading in other forms of wood before leading to char and ashes: 

For this mechanism, the reaction rates of these steps are defined as follows:

KL 5 = 1 -5 N . 5 exp -. (9a) 
KL J = J 5 -J N M J exp -M for 2 ≤ 8 ≤ 4 (9b) 
The total conversion rate was then obtained as follows:

1 = 1 -C 5 K 5 L + 1 -C = C 5 K = L + 1 -C ? C 5 C = K ? L + 1 -C I C 5 C = C ? K I L (10) 
In the third mechanism (called active mechanism) [START_REF] Bradbury | A kinetic model for pyrolysis of cellulose[END_REF][START_REF] Shafizadeh | Thermal degradation of cellulose in air and nitrogen at low temperatures[END_REF], the degradation of dry wood includes a first step that accounts for the formation of "active wood", which corresponds to a reduction in degree of polymerization. Then, the degradation of the "active wood" leads to gas, tar and char. Then tars and chars undergo respectively devolatilization and oxidation: The reaction rates of this mechanism are calculated with the following relationships:

K 5 L = 1 -5 N . 5 exp -. (12a) 
K = L = 5 -= N Y = exp -Y (12b) 
K ? L = = -? N Z ? exp -Z (12c)

K I L = = -I N P I exp -P (12d) 
The total conversion rate was then obtained with the following equation:

1 = 1 -C 5 K 5 L + 1 -C = -C ? C 5 K = L + C 5 C ? K ? L + 1 -C I C 5 C = K I L (13) 
The kinetic parameters (Ea, A, n and C) of each reaction as well as the constituent proportions were determined by optimization with five heating rates (2, 5, 10, 20 and 30°C/min). A performance study was carried out with three optimization methods in order to select the more suitable one: the genetic algorithm, the gradient descent algorithm and the particle swarm algorithm were considered. Two criteria were used: the performance factor of the simulated results and the computation time. It turned out that the gradient descent algorithm method was the best compromise for these two criteria. We therefore used this method. The optimized values have been surrounded by bounds to ensure that the results remain consistent. Because of the evolution of Ea show in figure 10, it was difficult to define precise ranges for this parameter in each reaction. We therefore bounded the value of activation energy of the first reaction between 120 and 190 kJ/mol, that of the second and third reaction between 140 and 400 kJ/mol and the last one for the char oxidation between 100 and 140 kJ/mol. The reaction orders were bounded between 0 and 5. For the pre-exponential factor, we only consider values for which ln was between 0 and 50. The stoichiometric factors were bounded between 0 and 1. Finally, the constituent proportions are fixed with the values indicated in Table 3.

To determine the best set of kinetic parameters, the following objective function was minimized:

ℱ = ∑ ]^ J _`a -J b c d = , e Jf5 (14) 
Where the exponents 7O4 and 9E represent the experimental and calculated values respectively and N is the number of experimental data. The performance of each set of optimized parameters was calculated against each experimental curve as:

g8T = h ℱ e (15) 

Kinetic parameters calculated from TGA experiments

The experimental curves obtained by TGA under oxidizing atmosphere with the five heating rates were used to calculate the set of parameters used in the three kinetic mechanisms. Tables 3, 4 and 5 present the values obtained for both woods. Considering the constituent approach, the activation energies for the degradation of hemicellulose, cellulose and lignin are around 160.00 kJ/mol, 190.00 kJ/mol and 169.00 kJ/mol for oak and around 144.00 kJ/mol, 165.00 kJ/mol and 204.00 kJ/mol for eucalyptus. These values are in agreement with literature [START_REF] Branca | Critical evaluation of global mechanisms of wood devolatilization[END_REF][START_REF] Chen | Characteristics and kinetic study on pyrolysis of five lignocellulosic biomass via thermogravimetric analysis[END_REF]. Concerning the lumped approach, the activation energies of the reactions 1 to 3 are between 160.15 and 188.78 kJ/mol for oak and between 144.31 and 204.29 kJ/mol for eucalyptus. These values are higher than those obtained by Fateh et al. for plywood [START_REF] Fateh | Multi-scale modeling of the thermal decomposition of fire retardant plywood[END_REF] (between 80.00 and 113.00 kJ/mol) for the same kinetic mechanism. For the active approach, the activation energies of the reactions 1 to 3 are between 109.66 and 207.09 kJ/mol. Unlike the two previous mechanisms, the active approach exhibits lower differences of activation energy between both woods. For the constituent approach and for the lumped approach, the mean differences between the activation energy are respectively 27 and 22 kJ/mol, while the difference is of the order of 10 kJ/mol for the active approach (mainly generated by the third reaction). The activation energies are therefore less sensitive to the type of wood for the active approach. Regarding the reaction orders of the three kinetic mechanisms, they do not exceed 2.34 for oak for the constituent and the lumped approaches whereas for eucalyptus the value for the third reaction of both kinetic mechanisms reaches 3.00. For the active approach, the values for reactions 1 and 2 are under 1.00 for both woods whereas for the third reaction, it reaches 2.74 and 3.00 for oak and eucalyptus respectively. Concerning the char oxidation, there are few differences between the mechanisms. For the constituent and the lumped approaches, the activation energies are around 120.00 kJ/mol whereas for the active mechanism the value is around 130.00 kJ/mol for both woods. These values are close of the results of Cancellieri et al. [START_REF] Cancellieri | WinGPYRO: A software platform for kinetic study of forest fuels[END_REF] but are much lower than those found by Fateh et al. and Conesa et al. [START_REF] Fateh | Multi-scale modeling of the thermal decomposition of fire retardant plywood[END_REF][START_REF] Conesa | Analysis of different kinetic models in the dynamic pyrolysis of cellulose[END_REF], for which the activation energies for char oxidation are around 113.00 kJ/mol and between 179.00 and 219.00 kJ/mol respectively. These differences may be explained by the large range of models used for the consumption of chars. In our case, the reaction rate for the char oxidation in the three kinetic mechanisms (Eq. 6b, 9b and 12d) is only a function of the degree of conversion and the kinetic parameters. It does not consider the mass fraction of oxygen.

Test of the kinetic mechanisms with TGA experiments

In order to compare the accuracy of the three mechanisms on the prediction of TGA curves, the mean value of the performance parameter calculated for the five heating rates (equation 15) was indicated in tables 3 to 5. In addition, figure 11 shows the experimental and predicted mass losses for a heating rate of 10 °C/min for both woods. Those results are representative of the results obtained for the whole set of heating rates used in this work. All kinetic mechanisms provide good predictions of the mass loss at matter scale. The mass evolutions calculated with the three mechanisms by using the optimized model parameters are indeed very close to the experiments. The performance factor varies between 1.32×10 -2 and 1.73×10 -2 . For each kinetic mechanism, the performance factor is lower for eucalyptus. The best agreement was obtained with the lumped approach for both woods.

In order to isolate each step of the degradation model, the conversion rates of each reaction were plotted for the three kinetic mechanisms and both woods. Figure 12 displays the curves obtained for eucalyptus with the lumped approach for a heating rate of 10°C/min. At this heating rate, the first reaction begins at 200°C and finishes at 335°C with a maximum conversion rate at 284°C. The second reaction occurs between 275 and 390°C with a maximum at 361°C. The third reaction takes place between 360 and 600°C with a maximum value at 432°C. Finally, the char oxidation begins at 400°C and finishes at 640°C with a maximum conversion rate at 567°C. Figure 12 shows that the maximum peak of conversion rate is caused by the second reaction since the other reaction rates are null around 360°C. This result highlights the importance of exploring temperature levels higher than 600°C in order to consider the entire phenomenon of char oxidation.

Test of the kinetic mechanisms with cone calorimeter experiments

The experiments performed with the cone calorimeter were used to test the various kinetic mechanisms defined at matter scale. A good representation of the thermal degradation for both woods at TGA scale was obtained for the three mechanisms. However, as pointed out in the introduction, the heating rates used in TGA experiments are much lower than those encountered in actual fires. The cone calorimeter allows reaching realistic heating rates in order to test the mechanisms in conditions closer to those of forest fires. As for the experiments at matter scale, the three kinetic mechanisms provide similar simulation results at material scale. In order to avoid redundancy, only the results of the lumped approach are presented hereafter at material scale. Figure 13 shows the experimental and predicted mass loss obtained with the lumped approach for oak and eucalyptus for all levels of radiant heat flux (16, 18, 23 and 25 kW/m²). The mean experimental mass loss as well as the lowest and highest mass loss curve were plotted to show the repeatability of the results. In order to test the three kinetic mechanisms against the experiments performed at material scale, we used the experimental temperatures recorded by the sixteen thermocouples as input temperature. The calculations were performed for sixteen squares (see Fig. 1) allowing to take into account the spatial variation of the temperature. It was essential to take into account the char oxidation. For both woods, the lumped approach provides predicted masses in the range of the experiments. We observe however in most simulations a delay between the experimental and predicted curves at the beginning of the mass loss. Figure 14 shows the conversion rates of each reaction obtained for oak and eucalyptus at a radiant heat flux of 18 kW/m². The first reaction begins at 40 s for oak and 30 s for eucalyptus, which is too late in comparison with the experimental mass loss rate. This delay between the experimental and predicted masses may be due to the temperature input used for the simulations. We actually used sixteen thermocouples. But this number is certainly not enough to accurately measure all temperature variations on the plate. To improve this result, it would be necessary to add thermocouples or to use another type of measuring device (infrared camera) to record the temperature field on the whole plate. Discrepancies are also noticed in Figure 13 between experiments and simulations at the end of the thermal degradation, especially for eucalyptus. For all radiant heat fluxes investigated, the mass loss is always underestimated at the end of the thermal degradation for eucalyptus. At 23 kW/m², this difference clearly happens beyond 100 s. Figure 14 shows that the intensities of reactions 1 and 2 are overestimated whereas that of reaction 4 is underestimated. This underestimation is certainly due to the inaccuracies of temperature measurement. Sixteen thermocouples may therefore not be sufficient to follow the char oxidation front and to pick up the maximum temperatures reached by the plate. The propagation of the char oxidation front along the plate and consequently the rise in temperature is not accurately measured which could explain the disagreement for eucalyptus. Finally, by analyzing the predictions, we notice that the predictions for oak at 25 kW/m² are not as good as for the lower heat fluxes. This result is likely due to the tar formation (Fig. 15). With the increase of the radiant heat fluxes, the heating rate also increases. According to the literature [START_REF] Hajaligol | Product compositions and kinetics for rapid pyrolysis of cellulose[END_REF][START_REF] Williams | The influence of temperature and heating rate on the slow pyrolysis of biomass[END_REF], the tars do not undergo the same evolution with the heating rates. By increasing the heating rate, the yield of tar tends to increase. At 25 kW/m², all the tars produced during the thermal degradation of oak are not directly transformed in gases. A part of them remains in liquid state and will either be progressively gasified during the temperature rise of the plate or remain trapped within the ceramic wool under the plate. The predicted mass loss is therefore more significant than the one recorded experimentally, which explains the important differences between predicted and experimental mass beyond 40 s at 25 kW/m². To conclude, at material scale the kinetic results are not as performant as at matter scale. To improve these results, it is necessary to refine the temperature of the plate and better take into account the behavior of tars

Conclusion

Three kinetic mechanisms were tested in order to model the thermal degradation of wood plates of oak and eucalyptus at matter and material scales. To focus only on the kinetic aspects, thermally thin wood plates were used for the experiments at both scales. The main results can be summarized as follows:

• At matter scale, the degradation of both woods present the same behavior. Under nitrogen, three steps of degradation were observed corresponding to the degradation of hemicellulose, cellulose and lignin. Under air, a fourth step occurs due to the char oxidation. • The three kinetic mechanisms predict efficiently the thermal decomposition at matter scale under oxidizing atmosphere for the heating rates investigated. The best agreement was obtained for the lumped approach. • The kinetic mechanisms were also tested against the experiments performed with a cone calorimeter to reach heating rates closer to actual fires. The experiments were carried out with thermally thin wood plates. The recorded temperature measured on the plate with sixteen thermocouples was used as input for the simulations. The predictions were in the range of the experimental mass losses. However, the device used for the temperature measurement needs to be refined in order to improve the predictions of the mass loss. The use of an Infrared camera to record the field of temperature would be an interesting way to address this difficulty. The change of scale reveals also the effect of the production of tars. Indeed, by increasing the heat fluxes and therefore the heating rates of the wood plates, the condensation of tars was increased. Future investigations will be carried out to determine whether it is caused by the presence of the ceramic wool that traps the tars or it is necessary to consider modifying the kinetic models defined at matter scale.

The present study aimed to bring more knowledge on the reaction to fire of thin fuels that sustain wildfire spread. However, it exists many other fire types where thick woods elements are involved. Then, the kinetics and thermal phenomenon are intermixed and other experiments should be considered. To this end, the degradation of thicker plates will be studied in future work in order to better understand the coupling between heat and mass transfer inside the samples. 
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 123456789101112131415 Fig 1. Location of the sixteen thermocouples for the temperature recording.

Table 1 .

 1 Elemental analysis of the slabs (percentage on dry basis)

		Hemicellulose	Cellulose	Lignin	Extractives	Ref.
		(%)	(%)	(%)	(%)	
	Oak	28.22 (± 0.86) 33.38 (± 0.03) 26.60 (± 0.10) 9.96 (± 0.10) Current
						work
	Eucalyptus	19.47 (± 0.42) 41.44 (± 0.06) 34.95 (± 0.15) 4.14 (± 0.01) Current
						work
	Eucalyptus	15.65 (± 0.45) 48.73 (± 2.50) 33.90 (± 0.23) 7.97 (± 0.21) [26]
	Oak	20.00 (-)	47.00 (-)	20.00 (-)	13.00 (-)	[25]

Table 2 :

 2 Chemical analysis of the slabs

	Species	Reactions ni	ln(Ai) (s -1 )	(kJ/mol) Eai	νi	pi	Mean Fit (-)
	Oak	1	2.34 29.56	162.16	0.26	0.32	1.49×10 -2
		2	1.32 31.84	190.53	0.01	0.38
		3	1.63 21.97	168.13	0.45	0.30
		4	0.55 12.50	119.86	0.04	-
	Eucalyptus 1	2.06 26.36	143.99	0.48	0.20	1.34×10 -2
		2	0.57 26.39	164.56	0.07	0.43
		3	3.00 30.50	204.29	0.54	0.37
		4	0.67 11.79	121.90	0.00	-

Table 3 .

 3 Kinetic parameters for oak and eucalyptus with the constituent approach.

	Species	Reactions ni	ln(Ai)	Eai	νi	Mean Fit (-)
				(s -1 )	(kJ/mol)	
	Oak	1	1.21 29.66	160.15	0.85	1.38×10 -2
		2	1.58 31.79	188.78	0.45
		3	1.59 24.19	178.04	0.66
		4	0.58 12.38	117.96	0.03
	Eucalyptus 1	1.21 26.47	144.31	0.91	1.32×10 -2
		2	0.71 26.43	164.46	0.52
		3	2.38 30.25	206.08	0.69
		4	0.76 11.80	121.46	0.00

Table 4 .

 4 Kinetic parameters for oak and eucalyptus with the lumped approach.

	Species	Reactions ni	ln(Ai)	Eai	νi	Mean Fit (-)
				(s -1 )	(kJ/mol)	
	Oak	1	0.70 18.19	110.50	0.82	1.73×10 -2
		2	0.95 24.37	144.05	0.41
		3	2.74 31.97	187.35	0.54
		4	0.64 14.39	130.58	0.03
	Eucalyptus 1	0.61 18.97	109.66	0.94	1.49×10 -2
		2	0.95 25.57	151.85	0.39
		3	3.00 35.14	207.09	0.46
		4	1.00 13.55	131.77	0.00

Table 5 .

 5 Kinetic parameters for oak and eucalyptus with the active approach.