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Abstract

:

This paper reports two experimental fires conducted at field-scale in Corsica, across a particular mountain shrubland. The orientation of the experimental plots was chosen in such a way that the wind was aligned along the main slope direction in order to obtain a high intensity fire. The first objective was to study the high intensity fire behavior by evaluating the propagation conditions related to its speed and intensity, as well as the geometry of the fire front and its impact on different targets. Therefore, an experimental protocol was designed to determine the properties of the fire spread using UAV cameras and its impact using heat flux gauges. Another objective was to study these experiments numerically using a fully physical fire model, namely FireStar3D. Numerical results concerning the fire dynamics, particularly the ROS, were also compared to other predictions of the FireStar2D model. The comparison with experimental measurements showed the robustness of the 3D approach with a maximum difference of 5.2% for the head fire ROS. The fire intensities obtained revealed that these experiments are representative of high intensity fires, which are very difficult to control in the case of real wildfires. Other parameters investigated numerically (flame geometry and heat fluxes) were also in fairly good agreement with the experimental measurements and confirm the capacity of FireStar3D to predict surface fires of high intensity.
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1. Introduction


Wildfires are part of Mediterranean ecosystems and societies, where small scale fires may always be expected as a part of the management of natural resources. However, the occurrence of large-scale wildfires has dramatically increased throughout the region during the last decades, especially in European Mediterranean countries [1]. Thus, forest fires have become an extremely serious environmental issue with huge social, economic and environmental costs.



There are many complex reasons for the increase in wildfire hazard and risk. Climate change, changing cultural traditions such as rural depopulation, urban expansion and leisure behaviors, and sub-optimal fire management policies have all influenced the activities and impact of wildfires [2].



Regions around the Mediterranean Sea are considered prone to climate change [3]. In recent decades, Mediterranean climate regions have experienced frequent heat waves and tend to be warmer and drier [4,5], with a longer wildfire season. For example, in 2019 and 2020, the wildfire season was extended longer than expected in European regions, with the number of burned areas and fires higher than the average of the last twelve years [2]. For the next century, severe droughts are expected to become more frequent, with global temperatures warmer than the current levels [2].



Climate change is also a growing concern as a driver of extreme wildfire events [6]. Consequently, the last years have witnessed many high intensity forest fires that have resulted in significant human and economic damages, making them potential catastrophes. For instance, Portugal (2005, 2017), Spain (2017), Greece (2017, 2018), Australia (2020), California (2021), and France (2022) are examples of places with high intensity forest fire incidents, among a non-exhaustive list [7,8,9,10]. As mentioned above, while climate change affects the frequency and intensity of wildfires, these events contribute themselves to climate change due to carbon emissions. According to the European Copernicus program, the forest fires that have ravaged Europe in recent months have resulted in very high greenhouse gas emissions; these fires emitted 6.4 megatons of carbon between June 1 and August 3, a level that had not been reached for fifteen years [11].



Extreme wildfires are dangerous not only because of their impact on people, climate, and ecosystems: they are also unpredictable and uncontrollable [12]. These fires are characterized by a sudden change in fire behavior, spotting activities, and high rates of spread and fireline intensities. These fire characteristics can have major impacts on people and assets. Another criterion to define these wildfires events is the capacity of control that strongly depends on fire behavior, especially the fireline intensity. Thus, several rules have been developed to relate suppression effectiveness to fire intensity [13], in order to establish many categories according to the capacity of fire control [13,14,15]. For instance, a surface fire propagating across shrubland, grassland or forest, with an intensity lower than 2 MW/m is moderately difficult to control, while between 4 and 10 MW/m it becomes very difficult, or extremely difficult, especially when the flame lengths range between 3.5 and 10 m. In this case, any attempt to contain the fire’s head may fail. However, for a fire intensity that exceeds 10 MW/m, especially for crown fire types, an extreme uncontrollable fire behavior takes place. In this case, the direct attack of the fire front (even with aerial means) becomes inefficient until the atmospheric conditions become less severe: with a lower air temperature level, a higher relative air humidity, and a lower wind velocity.



As high intensity fires could occur more frequently nowadays, their suppression requires good knowledge and measurements of the physical parameters governing their behavior, especially at field-scale. Knowing that suppression efforts can reach their limits of effectiveness, it should be required to redirect effort towards prevention measures based on fuel treatments and the integration of strategies and techniques that include prescribed fires, in order to shift from suppression to prevention. However, local measurements are still very useful for observing and understanding the macroscopic fire behavior, and also for comparing these measurements and data with the predictions of fully physical fire models.



A wide variety of experimental fires are present in the literature. At laboratory scale where propagation conditions are often well managed, it is therefore possible to repeat the experiments with several trials. The main objectives of these experiments are to develop propagation models through correlations based on the results obtained [16] or to compare these results with existing models [17,18,19]. These experiments also allow researchers to study the effect of different parameters (fuel moisture content, wind, slope, fuel characteristics) on fire behavior or flame geometry [20,21,22,23]. However, laboratory experimental fires may have certain limitations in terms of propagation conditions or fuel types, making their behavior different than real field fires.



At the field-scale, experimental programs with multiple objectives and issues have been conducted across a variety of fuel types and under different meteorological and topographical conditions. For instance, experimental fires have been carried out in order to establish mathematical correlations and propagation models related to several physical parameters, through different vegetation types, grassland [24,25], and shrubland [26,27,28]. Other studies carried out on different shrubland fuel loads have allowed the analysis of the fire front behavior and geometry across sloping terrain, and also the measurement of radiative and total heat transfer during propagation [29,30]; Bulter et al. [31] have reported the fire rates of spread of low-intensity fires spreading in longleaf pine. Viegas et al. [32] experimentally investigated junction fires, at laboratory and small field cases, where these results were compared also to a previous wildfire; later on, this kind of fire was reproduced numerically using CFD-based numerical models [33].



The purpose of citing these previous studies is to show that considerable progress has been made in the characterization and understanding of wildland fire behavior. However, most of these studies are conducted at small scale, or on small plots with no or moderate slopes or wind speeds, consequently resulting in low intensity fires. This may be due to the fact that experimental field-scale fires are problematic in terms of security, and fraught with difficulties related to the weather vagaries and potential changes in vegetation and topography conditions [34]. The interaction of all these uncontrollable parameters and their combined effects on the fire itself can result in seemingly unpredictable behavior. Consequently, it is challenging to obtain repeatable conditions in the field because it is costly and difficult to achieve, especially for high intensity experimental fires. Thus, field-scale experiments are very valuable, especially relevant experimental data on high intensity fires that can be of primary interest in understanding the physical characteristics governing the behavior of such fires.



In this context, the main objective of this study is to present experimental fires carried out at field-scale on sloped terrains across dense and homogeneous shrubland vegetation, at different time periods (autumn and winter). The first field-scale fire was conducted in the north-western region of Corsica in October 2021, and the second in the south region of this island in March 2022. During these experiments, high intensity fires were obtained and all the detailed data concerning the propagation conditions collected in the sites can be used by the research community as a basis for comparison with numerical simulations carried out using different fire spread models. The experimental results obtained were compared with the numerical predictions provided by the fully physical fire model FireStar3D. This 3D approach was employed to assess the fire front dynamic, in particular the fire front speed and intensity. Results concerning the fire dynamics were also compared to predictions provided by the FireStar2D model. This model assumes an infinite fireline, which constitutes a thermal barrier that tends to deviate the air flow, whereas FireStar3D reproduces all the propagation conditions present in the real experimental fires, especially the limited fire front width composed by a succession of peaks and troughs that allows the air flow to cross and interact with the fire front. In addition, these experimental high-intensity fires were also analyzed in terms of fire front shape and flame tilt angle. Fire impact was also studied by evaluating radiant and total heat fluxes received by distant targets located at the end of the plot and comparing them with experimental measurements. Consequently, these comparisons highlighted the accuracy of this 3D computational model in predicting high intensity surface fire behavior and gave a better understanding of the fire propagation mechanisms across Genista salzmannii vegetation, and possibly other shrubland types that present similar physico-chemical properties.



In the next section the experimental method is described, followed by the modeling approach that was used. Then, the experimental and numerical results are detailed. Finally, an analysis and a discussion of the relevance and the significance of the obtained results are presented.




2. Materials and Methods


2.1. Experimental Protocol


Two field-fire experiments were conducted in different regions of Corsica across mountain shrubland plots (Figure 1a). The plot selection was based on two criteria that can generate high intensity fires close to wildfire conditions. The first is related to the terrain slope value where the average slopes of the selected sites were respectively 22° and 16°. The limits and the orientation of the plots were fixed according to the main slope direction in order to favor high intensity fires. The second criterion is related to the structural homogeneity of the Genista salzmannii vegetation, with a high coverage >90%. The vegetation plots to be burned were in the shape of a rectangle (Figure 1b), about 30 m wide and 170 m long for the October experiment and 60 m long for the March experiment along the main slope direction. A common experimental protocol was used in these experiments to determine the propagation conditions related to the weather and topography and to characterize the physical properties of the vegetation. The focus of these experiments was on determining the behavior and impact of the high intensity fires. A brief description of this protocol will be presented next, while detailed information can be found in a previous article [35].



2.1.1. Characterization of the Vegetation and Weather Conditions


Thermochemical properties of the Genista salzmannii vegetation (Figure 2) can be found in the literature [36], while the physical properties which are dependent on the geographical area and weather conditions were evaluated onsite. Therefore, before the fire experiments, fuel sampling of fine fuel particles (diameters < 6 mm) was carried out in two areas of 1 m2 in size in order to evaluate the total fuel load. In order to obtain the fuel moisture content, pre-fire samples of dead and live fine fuel particles were collected in double-sealed plastic bags. All samples were oven-dried for 48 h at a temperature of 60 °C. Fuel bed height was evaluated by averaging twenty different measurements of the distance between the top of the vegetation and the ground. The fuel volume fraction  β  was then obtained by calculating the ratio of the dry fuel load  σ , the product of the particle density    ρ v    and the average vegetation height e as given in Equation (1).


  β =  σ   ρ v  × e    



(1)







Concerning the ambient weather conditions, relative humidity and air temperature were monitored using a weather meter (Kestrel 5500, Kestrel Instruments, Boothwyn, PA, USA). In addition, a 2D ultrasonic anemometer (WS425, Vaisala Oyj, Vantaa, Finland) located at 3 m above the ground level was used to record the wind speed and direction acting on the fire front. Wind data were recorded using a data logger (CR3000, Campbell Scientific, Logan, UT, USA) at a sampling rate of 1 Hz. All parameters characterizing the vegetation and related to the meteorological and topographical conditions during the two experimental fires are listed in Table 1.




2.1.2. Drones and Vision Technology for ROS Evaluation


During the experiment, fire front propagation was recorded from above using two drones in order to capture the fire spread from different positions, and from the sides by two cameras located on the ground. In order to simplify the video tracing, different poles were placed on reference equidistant points (Figure 1b). These points were used to evaluate the terrain slope value by determining their coordinates using a high-precision Global Navigation Satellite System (GNSS). They also allowed the evaluation of the rate of spread (ROS) by recording the time needed by the fire front to cross these reference poles when the fire reached a steady state propagation.




2.1.3. Heat Flux Measurements


In order to evaluate the impact of the fire front, the total and radiant heat fluxes were measured during the fire spread using 2 pairs of Medtherm transducers (16H and 64 Series, Medtherm Corp, Huntsville, AL, USA), located at different positions in a free vegetation area ahead of the plot (Figure 1b). Radiant and total transducers were oriented in the slope direction towards the fire, with view angles of 150° and 180°, respectively. The heat flux gauges were plugged into a power-supplied data logger (CR3000, Campbell Scientific) buried 0.3 m under the ground surface to protect it from fire. The extension cables were also buried into the ground up to the data logger and insulated by Teflon coating and aluminum foil (Figure 3). The transducer signals were recorded at a sampling rate of 1 Hz.





2.2. Numerical Model


Numerical simulations were carried out using the fully physical fire model FireStar3D in order to test the relevance of numerical simulations in the case of high intensity fires. The results obtained in the 3D approach concerning the fire dynamic would then be compared to the experimental results, as well as to other numerical predictions given by a previous 2D version based on the same physical formulation (FireStar2D). The use of a 3D approach enabled us to render the 3D effects observed in real fires, and to present the heterogeneity of the fire front, forming a succession of peaks and troughs, allowing the wind flow to cross the fire front [37]. In contrast, in 2D the fire front is assumed to form a homogeneous obstacle, forcing the inlet wind flow to be deviated vertically with the convective plume which affects the interaction between the fire front and the vegetation layer [38,39,40]. Furthermore, the 2D model assumes an infinite ignition line, whereas in 3D it is possible to simulate a finite fire front with the appropriate boundary conditions and their effects on fire front shape and behavior. For these reasons, numerical simulations using FireStar3D can reproduce more realistically the propagation conditions observed experimentally on the field.



The mathematical model used in FireStar3D is based on a multiphase formulation [41]. It involves locally averaging the conservation equations (mass, momentum, energy…) governing the behavior of the coupled system formed by the vegetation and the surrounding atmosphere. This averaging is performed inside elementary control volumes including both the solid and the gaseous phases, inducing the introduction of some additional terms representing the interactions between the solid and the gaseous phase. Thus, this model consists of two parts, solved on two distinct grids. The first part consists of the equations related to the reacting turbulent flow in the gaseous phase, composed as a mixture of fresh air and gas products resulting from the solid phase degradation and the homogeneous combustion in the flaming zone. The second part consists of equations describing the decomposition of the solid phase subjected to the intense heat flux coming from the flaming zone.



Solving the gaseous phase model consists in the resolution of conservation equations of mass, momentum, energy (in an enthalpy formulation), and chemical species (O2, N2, CO, CO2, and H2O) filtered in space, using in this study a Large Eddy Simulation approach (LES), with a Favre average formulation [42]. The closure of the averaged conservation equations is based on the eddy viscosity concept [43] obtained from an evaluation of the turbulent kinetic energy k and its dissipation rate ε. In the case of the LES approach, a high-order sub-grid scale stress model is used [44]. The temperature dependence of the gas-mixture enthalpy is based on CHEMKIN thermodynamic tables [45]. In order to evaluate the combustion rate occurring in the gaseous phase, a combustion model based on Eddy Dissipation Concept (EDC) is used [46]. Finally, because radiation heat transfer plays an important role in the propagation of the fire front (mainly due to the presence of soot particles in the flame), the field of soot volume-fraction in the gas mixture is calculated by solving a transport equation [47] including a thermophoretic contribution in the convective term and taking into consideration soot oxidation [48].



Concerning the solid phase model, during thermal degradation, the composition of the solid fuel particles representing the vegetation is represented as a mixture of dry material (generic term for a mixing of cellulose, hemicellulose, and lignin), charcoal, moisture, and residual ashes. For each solid particle, the model consists of solving the equations governing the time evolutions of the mass fractions of water, dry material, and charcoal, as well as of the total mass of the solid particle, its volume fraction and its temperature (the model does not assume a thermodynamics equilibrium between the gas mixture and solid fuel particles). The degradation of the vegetation is governed by three temperature dependent mechanisms: drying, pyrolysis, and charcoal combustion. The pyrolysis process starts once the drying process is completed, and charcoal combustion starts once the pyrolysis process is achieved. The constants of the model associated with charcoal combustion (pre-exponential factor and activation energy) are evaluated empirically from a thermal analysis conducted on various solid fuel samples [41].



The interaction between the gaseous and the solid phases (exchanges of mass, drag, heat flux, etc.), is obtained through coupling terms that appear in both parts of the model. The details of the Firestar3D model have been thoroughly described in previous publications, where it was tested from calculations carried out at different scales for homogeneous fuel beds and was compared to experimental results as well as to empirical and semi-empirical models [37,49,50,51].



Simulations were provided using open boundary conditions on the two lateral sides of the computational domain as shown in Figure 4. The homogeneous vegetation layer, whose physical properties are given in Table 1, was 30 m wide in the y direction and 50 m long in the x direction. The domain inclination α was specified through two non-zero gravity components:    g x  = − g   sin  ( α )    and    g z  = − g   cos  ( α )   , where   g = 9.81   m/s2 is Earth gravity. Initially (at t = 0), a one-seventh power horizontal velocity profile was imposed in the entire computational domain with a 10-m open wind speed U10 = 1.54 m/s, and the hydrodynamic module of the code was run until reaching a statistically steady state. Once the flow had reached a statistically steady state, vegetation was ignited using a gaseous burner located along the entire leading edge of the vegetation layer. After burner activation, Neumann boundary conditions were applied at the inlet of the domain and a pressure gradient was automatically adjusted and imposed at the top of the domain to keep the velocity component in the Ox direction, at this position, equal to the initial value evaluated at t = 0. Concerning the mesh size, both the solid-phase and the fluid-phase grids were characterized by cells sizes below the radiation extinction length scale of the vegetation given by 4/sβ [52,53], where s is the surface-to-volume ratio of the vegetation and β is the volume fraction of the solid phase. This value should not be exceeded in order to avoid fire extinction, especially in the case of radiation-dominated fire propagation.




2.3. Evaluation Methods of Fire Behavior Parameters


The mathematical modelling of the wildland fires usually has two main objectives: firstly, the prediction of the fire dynamic related to the rate of spread and fire intensity, and secondly, the estimation of the fire impact related to the heat fluxes received at different positions. The evaluation methods of the parameters characterizing the fire behavior (ROS, fireline intensity, heat fluxes) are described in the following passage.



2.3.1. ROS


The experimental evaluation of the ROS as mentioned above is based on the time lapses taken by the fire to cross consecutive equidistant poles. Numerically, this parameter is obtained by calculating the time derivative of the pyrolysis front position at the fuel bed surface when the fire reaches a quasi-steady propagation.




2.3.2. Fireline Intensity


Fireline intensity represents a parameter that cannot be experimentally measured but only estimated through other measured quantities. There are different methods to evaluate this parameter at the center of the fire front where it reaches its maximum value. On the one hand, the experimental method is based on the ROS of the fire head, the heat of combustion of the vegetation   Δ  H c   , and the weight of the fuel consumed during the fire propagation    w a  = μ   σ  , where     μ   is the percentage of the fuel weight actually consumed in the active flaming front and effectively contributed to fire propagation [34] as given in Byram’s intensity formulation (Equation (2)):


   I  B E x p   = Δ  H c  ×  w a  × R O S  



(2)







On the other hand, the numerical evaluation method using FireStar2D is based on the mass loss rate   m ˙   of the vegetation due to dry material pyrolysis and charcoal combustion [54] (Equation (3)):


   I  B N u m   =  m ˙  × Δ  H c   



(3)







Using FireStar3D, fire intensity is estimated from the heat release rate HRR defined in the entire computational domain as given in Equation (4):


  H R R = −  ω  vap     Δ  H  v a p   −  ω  pyr     Δ  H  p y r   +  ω  c h a r     Δ  H  c h a r   +  ω  C O     Δ  H  C O   +  ω  s o o t     Δ  H  s o o t    



(4)




where ωvap, ωpyr, ωchar, ωCO and ωsoot are respectively the total mass rates of water evaporation, pyrolysis, charcoal combustion, combustion of CO in the gas mixture, and soot combustion, and   Δ  H  v a p    ,   Δ  H  p y r    ,   Δ  H  c h a r    ,   Δ  H  C O       and   Δ  H  s o o t       are the corresponding heats of reaction [50].



The fireline intensity is estimated numerically by dividing the average value of the heat release rate when the fire is fully developed by the width w of the fire front [37,50] (Equation (5)):


   I  B N u m   =   H R R  w   



(5)








2.3.3. Heat Fluxes


FireStar3D allows the evaluation of radiative and convective heat fluxes at any position in the computational domain. This permits to assess the radiative and total heat fluxes (equal to the sum of radiative and convective heat fluxes) recorded during the experiment by the fluxmeters located at the end of the plot. The details concerning the numerical evaluation of these heat transfer modes are presented in previous papers [35,37].






3. Results


3.1. ROS


Figure 5 shows the FireStar3D results for the time evolution of the most advanced point position of the pyrolysis front at the fuel bed surface. The corresponding ROS values, as well as experimental and 2D numerical values of ROS evaluated for both experiments, are given in Table 2.




3.2. Fireline Intensity


The time evolution of the heat release rates (Equation (4)) (until the fire fronts reached the end of the plots) evaluated in FireStar3D for both experiments is presented in Figure 6.



According to Equation (5) the fire front width must be estimated in order to calculate the fireline intensity value. For a fire front linearly moving with almost the same speed on the whole perimeter length, w must be equal to the width of the computational domain. However, for both experiments, the limited length of a fire front propagating on a sloped terrain had a significant effect on a fire front behavior, creating a pointed fire front shape at the fire head [55]. Using open boundaries on the lateral sides of the domain permitted us to reproduce the real propagation conditions, and then obtain a parabolic fire front shape. In this case, w is assumed to be equal to the width of the most advanced part of the fire front head that contributes effectively to the maximum heat release rate. Fireline intensity is then evaluated by averaging the maximum and minimum values of the intensities, obtained at different simulation times as shown in Figure 6. Experimental and numerical values of fire intensities are listed in Table 2.




3.3. Flame Geometry and Fire Front Shape


The characteristics of the fire front geometry such as the flame length, height, and tilt angle are often quantities that provide insights into the fire dynamics [56,57]. The evaluation of these characteristics can also be very useful for firefighting operators in evaluating the impact of fire on a target [58,59] or the dimensioning of fuel breaks [60]. Flame characteristics have also been related to heat transfer during fire propagation [39] and also to the interaction of the fire with its environment, such as air entrainment capacity, which in turn affects fire behavior and flame geometry, particularly flame tilt angle [61].



In this study, flame tilt angle γ (Figure 7) was evaluated for the experiment of March 2022, using the videos recorded by a camera located at a lateral side of the plot. However, for the first experiment (October 2021), the visual estimation of the flame inclination angle using this method was not possible due to the heavy smoke generated by the fire. Figure 7 shows the experimental flame inclination angle γ evaluated between the bottom side of the visual flame and perpendicular to the ground that has an inclination angle of   α = 16 °   from the red line representing a prefixed pole. The value of γ is then obtained by averaging seven different measurements leading to γ = 40°.



In FireStar3D there is not yet a numerical method for the determination of the flame geometry. Thus, the flame inclination angle was estimated (averaged over several instants) geometrically from a hot gas isotherm of value equal to 1000 K, as shown in Figure 8. This threshold value (1000 K) was chosen because the temperature in the flame can vary between 1400 K at the base of the fire front and 700 K, which represents the limit temperature of the flame visibility [62]. Therefore, the average value of different tilt angles evaluated at several simulation times was equal to γ = 54°.



As mentioned previously, fire front propagation was recorded from above using drones. IR images showed parabolic shapes of the fire front perimeter during these two fires spreading upslope, where the fire front head moved faster than the fire flanks (Figure 9).



Numerical representations of the fire propagation obtained using Firestar3D showed almost the same curved head shapes (Figure 10), considering a limited fire front width with open boundary conditions on the two lateral sides, as was the real case during these two experimental fires.




3.4. Fire Front Impact


The fire impact was evaluated at different positions ahead of the fire front. Therefore, radiative and total heat fluxes received by the different transducers located at the end of the plots were recorded for both experiments. During the burn campaign in October, backfires conducted by the firefighters to protect the burning zone were close to the sensors, which affected the measurements during fire. In this case, only heat fluxes measured during the March experiment were investigated, and compared with numerical predictions.



Experimental heat fluxes received by the transducers were recorded during the experiment and the data analysis was carried out until the fire front reached the end of the plot. The targets were located at two positions, P1 and P2, as shown in Figure 11. Figure 12 shows the time evolution of the experimental radiative (Qr) and total (Qt) heat fluxes received by these two fluxmeters, while the numerical evaluation of these two heat transfer modes is reported in Figure 13. Figure 14 shows a better illustration in order to compare experimental and numerical radiative heat fluxes at both positions P1 and P2.





4. Discussion


4.1. Fire Front Behavior: ROS and Fireline Intensity


Numerical results concerning the ROS given by FireStar3D (Table 2) are in very good agreement with the experimental measurements with relative errors of 5.2% and 5% for both experiments. However, the predictions of ROS obtained by the 2D approach give errors of about 23.6% and 45%, with respect to the experimental results. The overestimation of the ROS given by FireStar2D may be due to different assumptions that are not present in the 3D approach. On the one hand, the 2D approach considers an infinite fireline propagating at the same speed across the entire width of the domain. On the other hand, in 2D model, the wind effect on the flame trajectory is overestimated because the flame is considered as a uniform thermal barrier that deviates the air flow vertically which tends to increase the flame inclination to the ground. For these reasons, heat transfer between the fire front and the unburned vegetation increases, and this may cause the overestimation of the ROS. In contrary, with FireStar3D, the open boundary conditions applied on both lateral sides of the domain with a finite fire front width induce lateral indrafts and cause the fire to slow down near the sides. In this case, the leading point of the fire front remains in the central part throughout the simulation. In addition, the fire front structured as a succession of peaks and troughs allows for the air flow to find a way across it (Figure 10) [32,50] and to interact with the flames, which leads to a more accurate numerical representation of the fire propagation and behavior.




4.2. Fire Intensity


The results also estimate the fire line intensity, which is an index of the fire severity and the capacity of control [63]. Different rules have been developed to relate the fireline intensity to the suppression effectiveness [14,64]. The fireline intensity parameter is a quantity that cannot be measured but only estimated [65]. Using the experimental method to calculate this parameter (Equation (2)), the weight of the fuel consumed    w a    is difficult to assess accurately due to the uncertainty of estimating the fuel load that contributes effectively to the fire front propagation during the combustion flaming stage. Fuel consumption is usually estimated as the difference between pre- and post-fire fuel inventories, which influences the estimation of fireline intensity [66]. For instance, for these experiments,    w a    was supposed to be equal to the total dry fuel load because it represents only the load of the fine fuel particles (<6 mm) that were totally burned during experiments. Nevertheless,    w a    must exclude post frontal smoldering which may continue for a long time after the front has passed [67]. It is known that there is less uncertainty in fuel types dominated by fine fuels such shrubs, where fine particles tend to limit the smoldering combustion behind the advancing flame front [65]. However, the amount of fuel consumed is affected by other parameters such as the fuel moisture content, especially when it exceeds 40% [68], and also the fuel volume fraction or packing ratio that plays a crucial role on the heat transfer between flame and vegetation inside the fuel bed, as well as on the fuel weight consumed [16]. For all these reasons, considering    w a    to be equal to the total dry fuel load in the experimental evaluation may lead to an overestimation of    I  B E x p    . Whatever the evaluation method of the fire intensity, the obtained numerical and experimental values refer to high intensity experimental surface fires, despite some unfavorable propagation conditions such as relatively high fuel moisture contents (56% and 51%) and low wind speeds (U3 = 1.3 m/s). These fires can be extremely difficult to control in the case of real similar fire events, where the suppression actions must be restricted to the back and flanks of the fire because direct efforts to control the fire head are likely to fail [13,14].




4.3. Fire Front and Flame Geometry


Fireline shape development depends on the air entrainment activity into the flaming zone, especially the indrafts drawn by flames and the convection column from the lateral sides of the fuel bed in a direction not parallel to the propagation (Figure 10). If this mechanism occurs, the flow must converge towards the middle of the fuel bed for symmetry reasons [55], which explains why the head fire spreads more rapidly than the fire flanks, subjected to more deceleration in this case. For a high intensity fire propagating uphill under low wind speed conditions, as was the case in these two experimental fires, the lateral air entrainment becomes more important, and the fire induced wind from the burned zone behind the fire become stronger due to the presence of slope, which increases the fire front distortion into a pointed head shape. So, lateral air entrainment plays a key role in both the upslope fire front behavior and perimeter.



Concerning the flame inclination angle, this parameter depends on the balance between the horizontally moving ambient air and the buoyant velocity of the flame fluid [61,69]. For instance, as the slope angle increases, the flame tilt angle begins to increase significantly due to the influence of the fire induced wind. Thus, the flame height to depth ratio begins to decrease. The numerical modelling of these two mechanisms affecting the flame geometry can be subjected to some uncertainties, especially the upward flame buoyancy force related to the heat release rate. Therefore, due to the lower numerical value of fireline intensity compared to the experimental one, a larger numerical value of flame tilt angle was then obtained.




4.4. Fire Front Impact


Concerning the fire front impact, Figure 12 and Figure 13 reveal first that the experimental and numerical measurements have almost the same tendencies, with some numerical overestimation concerning the total (radiative and convective) heat flux parameter. Numerical fluctuations observed in the total heat fluxes concern the convective heat transfer mode, and are related to the velocity components used to evaluate the convective heat transfer coefficient. It should be noted that convective cooling has not been introduced into the numerical evaluation of the total heat fluxes received by the two fluxmeters. Nevertheless, both numerical and experimental results show a dominant contribution of the radiative heat transfer mode over these two transducers uphill from the fire.



Figure 14 shows almost the same levels and maximum values of radiative heat fluxes evaluated numerically and experimentally, when the fire front reaches the end of the plot. So, numerical predictions concerning the fire front impact were in fairly good agreement with the experimental measurements and could be used to estimate safety distances [58].





5. Conclusions


This paper reports two high intensity field-scale fires conducted on 22° and 16° sloped terrains during autumn and winter periods across Corsican shrubland vegetation. It describes the methodology used to obtain detailed collected measurements of the propagation conditions during experiments, and the numerical simulations of these two fires using the fully physical fire model FireStar3D. Fire behavior related to the ROS and fireline intensity was evaluated, and the numerical predictions show a good agreement with experimental results with a maximum difference of 5.2% for the head fire ROS. Despite some unfavorable propagation conditions such as the high fuel moisture contents (FMC > 56%) and the low wind speeds (U3 = 1.3 m/s), fire intensities evaluated experimentally and calculated numerically for both fires were higher than 7 MW/m, which is representative of high intensity surface fires that can be very difficult to control in the case of similar wildfire events. Furthermore, additional parameters describing the fire front geometry were also investigated experimentally and numerically, such as the fire front contour and the flame inclination angle. Finally, the impact of fire on different targets located ahead of the fire front was measured experimentally and calculated numerically, and both results revealed almost the same tendencies, especially the dominance of the radiative heat transfer mode. Consequently, these comparisons lead to a better understanding of high intensity fires, and also show the robustness of the FireStar3D model to estimate high intensity surface fire behaviors and impacts across shrubland vegetation. Further studies on crown fires are planned in the future in order to better understand the different types of high intensity wildfires.
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Nomenclature




	
Cp

	
Fuel specific heat (J/kg/K)




	
e

	
Fuel bed depth (m)




	
g

	
Earth acceleration (m/s2)




	
IB

	
Byram fireline intensity (W/m)




	
    I  B E x p     

	
Byram fireline intensity evaluated experimentally (W/m)




	
    I  B N U M     

	
Byram fireline intensity evaluated numerically (W/m)




	
FMC

	
Fuel moisture content (mass of water/mass of dry fuel)




	
ROS

	
Rate of spread (m/s)




	
s

	
Surface area to volume ratio (m−1)




	
T0

	
Ambient temperature (K)




	
T

	
Gas mixture temperature (K)




	
Ta

	
Target temperature (K)




	
Ux

	
Wind speed at x meters above the ground (m/s)




	
ΔHc

	
Fuel yield heat (J/kg)




	
wa

	
Weight of fuel consumed in the active flaming front (kg/m2)




	
   m ˙   

	
Vegetation mass loss rate (kg/m.s)




	
hconv

	
Convective heat transfer coefficient (W/m2.K)




	
k

	
Thermal conductivity of gas mixture (W/m.K)




	
B

	
Stephan-Boltzmann constant (W/m2.K4)




	
Pr

	
Prandtl number of gas mixture




	
Re

	
Reynold number of fuel particles




	
Lc

	
Characteristic length (m)




	
Qconv, Qrad

	
Convective and radiative heat fluxes received by the target (W/m2)




	
  Δ  H  v a p    ,   Δ  H  p y r    ,   Δ  H  c h a r    ,   Δ  H  C O    ,   Δ  H  s o o t    

	
Enthalpy of water vaporization, pyrolysis, and charcoal, CO and soot combustion (kJ/kg)




	
   ω  vap    ,    ω  pyr    ,    ω  c h a r    ,    ω  C O    ,    ω  s o o t    

	
Rates of water vaporization, dry material pyrolysis, and charcoal, CO and soot combustion (kg/s)




	
Greek




	
ρv

	
Fuel particle density (kg/m3)




	
β

	
Volume fraction of the solid phase




	
σ

	
Solid fuel load (kg/m2)




	
γ

	
Flame inclination angle
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Figure 1. Experimental fire sites in Corsica island: (a) locations on the map (red circles); (b) view by Google earth and main GNSS measurement points during October 2021 experiment. 
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Figure 2. Genista salzmannii vegetation (October 2021 experiment site). 
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Figure 3. Radiant and total heat flux sensors fixed on supporting rod ahead of the vegetation plot and protected with aluminum foil. 






Figure 3. Radiant and total heat flux sensors fixed on supporting rod ahead of the vegetation plot and protected with aluminum foil.



[image: Atmosphere 14 00473 g003]







[image: Atmosphere 14 00473 g004 550] 





Figure 4. Perspective view showing the dimensions of the computational domain, the boundary conditions and the vegetation cover. 
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Figure 5. Variation with time of the fire front position as well as the heat release rate during the experiments conducted in October 2021 and March 2022, evaluated using FireStar3D. 
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Figure 6. Distribution of the bulk fuel density at the top of the vegetation with the different width of the fire front head corresponding to the maximum and minimum heat release rates (HRR) evaluated for both experiments: (a) October 2021 (maximum HRR at t = 81 s; minimum HRR at t = 104 s); (b) March 2022 (maximum HRR at t = 100 s; minimum HRR at t = 200 s). 
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Figure 7. Visual estimation of the flame inclination angle for the experiment of March 2022. 
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Figure 8. Flame inclination angle evaluated numerically using FireStar3D along the y-median plane and the streamlines of the gaseous phase, at a simulation time t = 120 s for March 2022 experiment. 
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Figure 9. IR images captured from overhead drones during fire front propagation of the experimental fires performed in: (a) October 2021; (b) March 2022. 
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Figure 10. 3D evaluation of the fire front shape for an isotherm surface T = 1000 K (left), and a top view representing temperature fields and streamlines of the gaseous phase obtained in the horizontal plane (z = e (m)) (right): (a) October 2021; (b) March 2022. 
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Figure 11. Positions P1 and P2 of the radiant and total fluxmeters with respect to the plot end (March 2022 experiment). 
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Figure 12. Time evolution of the radiative (Qr) and total (Qt) heat fluxes obtained experimentally at different target positions P1 and P2 during March (2022) experiment. 
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Figure 13. Time evolution of the radiative (Qr) and total (Qt) heat fluxes obtained numerically during March (2022) experiment at positions: (a) P1; (b) P2. 






Figure 13. Time evolution of the radiative (Qr) and total (Qt) heat fluxes obtained numerically during March (2022) experiment at positions: (a) P1; (b) P2.



[image: Atmosphere 14 00473 g013]







[image: Atmosphere 14 00473 g014 550] 





Figure 14. Time evolution of the radiative heat fluxes evaluated experimentally and numerically during March (2022) experiment at positions: (a) P1; (b) P2. 
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Table 1. Main average properties of Genista salzmannii vegetation and meteorological and topographical conditions.






Table 1. Main average properties of Genista salzmannii vegetation and meteorological and topographical conditions.





	

	
October 2021

	
March 2022






	

	
Fuel Characteristics




	
Fuel moisture content, FMC (%)

	
56

	
51




	
Fuel bed depth, e (m)

	
0.85

	
0.68




	
Dry fuel load, σ (kg/m2)

	
1.79

	
2.67




	
Volume fraction, β

	
0.0021

	
0.004




	
Surface-area to volume ratio, s (m−1)

	
3100




	
Particle density,    ρ v    (kg/m3)

	
970




	
Fuel specific heat, Cp (J/kg/K)

	
1648




	
Heat of combustion, ΔHc (J/kg)

	
1.862 × 107




	

	
Meteorological and topographical conditions




	
Average wind speed in the slope direction, U3 (m/s)

	
1.3

	
1.3




	
Ambient temperature T (°c)

	
18

	
15




	
Relative humidity RH (%)

	
53

	
36




	
Terrain slope value (°)

	
22

	
16
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Table 2. Experimental and numerical values of ROS and fireline intensity obtained using FireStar2D and FireStar3D.






Table 2. Experimental and numerical values of ROS and fireline intensity obtained using FireStar2D and FireStar3D.





	

	
October 2021

	
March 2022




	

	
Experiment

	
2D

	
3D

	
Experiment

	
2D

	
3D






	
ROS (m/s)

	
0.38

	
0.47

	
0.41

	
0.21

	
0.29

	
0.20




	
Fireline intensity (MW/m)

	
12.7

	
9.9

	
8.4

	
10.4

	
9.5

	
7.1
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