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Abstract

:

A safe separation distance (SSD) needs to be considered during firefighting activities (fire suppression or people evacuation) against wildfires. The SSD is of critical interest for both humans and assets located in the wildland–urban interfaces (WUI). In most cases, the safety zone models and guidelines assume a flat terrain and only radiant heating. Nevertheless, injuries or damage do not result exclusively from radiant heating. Indeed, convection must be also considered as a significant contribution of heat transfer, particularly in the presence of the combined effects of sloping terrain and a high wind velocity. In this work, a critical case study is considered for the village of Sari-Solenzara in Corsica (France). This site location was selected by the operational staff since high-intensity fire spread is likely to occur in the WUI during wind-blown conditions. This study was carried out for 4 m high shrubland, a sloping terrain of 12° and a wind speed of 16.6 m/s. The numerical simulations were performed using a fully physical fire model, namely, FireStar2D, to investigate a case of fire spreading, which is thought to be representative of most high wildfire risk situations in Corsica. This study is based on the evaluation of the total (radiative and convective) heat flux received by two types of targets (human bodies and buildings) located ahead of the fire front. The results obtained revealed that the radiation was the dominant heat transfer mode in the evaluation of the SSD. In addition, the predictions were consistent with the criterion established by the operational experts, which assumes that in Corsica, a minimum SSD of 50 m is required to keep an equipped firefighter without injury in a fuelbreak named ZAL. This numerical work also provides correlations relating the total heat flux to the SSD.
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1. Introduction


Wildfires are a complex mechanism of the interaction between environmental parameters (fuel particles, terrain slope, wind and ambient properties) and physical processes (heat and mass transfers, combustion). These interactions, which occur over a wide range of space and time scales, regulate their behavior [1,2]. The main issue nowadays is the emergence of high-intensity fire events. These extreme fires are very difficult to control and often overwhelm suppression capabilities [3]. It should be noticed that the effectiveness of ground and aerial firefighting is limited by a fireline intensity of 4000 kW/m and 7000 kW/m, respectively [4,5]. These limits are very often exceeded and will be even more so in the future. Climate change and global warming tend to extend the fire season and combine heat waves and droughts. As a result, an increase in the frequency and severity of wildfires is observed [3,6,7]. In addition, human activities such as agricultural land abandonment and expansion of the wildland–urban interfaces (WUIs) also lead to an increase in wildfire risk.



The concept of the WUIs was introduced for the first time by Butler [8], who defined it as any area where the fuel consumed by the fire changes from being a wildland natural fuel (vegetation) to urban fuel (homes). In these areas, the correlation between human activities and wildfires is strong, meaning that there are more opportunities for fires to ignite and spread [9]. The risk is the highest in the WUIs not only because of the high ignition hazard, but also because of the concentration of vulnerable populations, ecosystems, infrastructure and buildings. A significant development of the WUIs is observed in many parts of the world, especially in the USA, Canada [10,11], Argentina [12], Australia [13] and South Africa [14]. Consequently, the growth of the WUIs over the years resulted in more wildfire ignitions, putting more lives and houses in danger. For instance, the WUIs in the United States witnessed an exponential growth between 1990 and 2010 with an increase of 41% in the number of houses and 31% in land areas [15]. According to the latest data, more than 46 million homes in 70,000 communities, with an estimated value of USD 1.3 trillion, are now at risk of wildfires in the USA [16]. Over the last decades, the WUIs in southern Europe also had such issues, particularly in the Mediterranean regions, where 90% of the wildland fires were caused by human activities [17,18,19]. In these regions, homes and people became increasingly heavily threatened and impacted by these events such as the fires that occurred in France, Portugal and Spain in 2003, in Portugal and Spain in 2005 and 2006, in Greece in 2007 [20,21] and in Portugal [22] and Greece in 2018 [7]. More recently, many European countries have experienced severe summer heatwaves and droughts, resulting in the most destructive year on record since 2006 [23]. For example, the extreme wildfires that occurred in France (Gironde) in July and August 2022 resulted in nearly 30,000 hectares burnt, a record since the massive fires of 1949, and also 50,000 preventive evacuations [24]. In Portugal, due to an exceptional drought, fires burned more than 100,000 hectares in 2022, the largest area since the deadly fires that burned more than 530,000 hectares in 2017 [25]. These destructive wildfires have unfortunately become the norm in many regions.



Raising public awareness regarding the wildfire issues led to an increase in interest from the scientific community. In this context, intensive efforts are underway to prevent fire hazards, mitigate their impacts and improve firefighting safety, in particular, for firefighters who need to maintain a safe separation distance (SSD) from the fire front [26,27] to avoid being injured or trapped. The SSD is also useful for the construction of fuelbreaks in order to reduce the spread of a wildfire and enhance safety and efficiency during suppression operations. Finally, the SSD can be very helpful for wildfire prevention, emergency planning and the building of infrastructures (houses, roads, etc.) with vegetation in the surrounding area.



As the SSD depends on the intensity of the fire as well as the dominant heat transfer mode and duration, the overriding issue is to accurately define the minimum distance required between a fire and the people or structures to prevent injuries or damages [28]. Usually, operational models [28,29,30,31,32] evaluate the SSD for a vulnerability threshold of 7 kW/m2 which corresponds to the maximum heat flux value that an equipped firefighter could withstand without injury. Several guidelines and models were developed to help firefighters estimate the separation distance to the flames. The earliest guidelines were developed for fuelbreak dimensioning, based on the radiation heat transfer mode during high-intensity bush fires [33]. A later model was related to the flame geometry, suggesting that the separation distance for firefighters should be at least four times the flame height [31,32]. Additionally, other physical models based on the radiant heating, using similar approaches with different assumptions regarding flame front width and temperature, were developed to estimate the SSD [30].



Despite their wide use, these models suffer from some limitations. Some models use empirical relationships between the fireline intensity [34,35] and flame geometry estimated from statistical fitting approaches [36,37,38,39,40]. Therefore, the use of these relationships requires the knowledge of their limitations in assessing the SSD, especially for fuel types that are structurally very different. In addition, all these models are only based on radiative heating without considering the convection that may have a non-negligible contribution, particularly in the presence of strong wind and a steep slope. Butler et al. [41] discussed the necessity of using field measurements of radiation and convection in order to improve the existing safety zone guidelines. Additionally, physical formulations are efficient in assessing the SSD because such modelling approaches do not only predict the fire front dynamics, but also the potential fire impact, by determining the radiative and convective heat fluxes impinging on targets [42,43].



This study aims to evaluate the SSD for different target types (humans and structures) based on the maximum total heat fluxes received at different positions, using a fully physical fire model, namely, Firestar2D [44,45,46,47,48,49]. This work lies within the framework of the GOLIAT project [50], whose objectives are to develop tools for firefighting and land management [51]. This study follows the request of the GTI (Groupe Technique Interdépartemental) in Corsica, and it aims to show the relevance of scientific contribution and physical modelling in evaluating the effectiveness of the SSD. To date, their scale is evaluated according to operational experts and is assumed to be equal to 50 m around habitations [52]. Therefore, this study was carried out in close collaboration with the operational team in order to provide useful information, and in particular, the correlations relating SSD to the heat fluxes emitted by the fire front. The concerns of this study are closely linked to the potential damage caused by high-intensity fire events on people and buildings. For this purpose, the sectors exposed to wildfire risk in Corsica were identified during visits to several locations. A study area in the WUI (shrubland vegetation) was finally selected in the south-eastern region of Corsica. Ambient conditions representative of the summer period were chosen by the operational staff in order to obtain a high-intensity fire.



In the next section, the selected site and fire spread conditions are described. Then, the configuration and the modelling approach used in the FireStar2D model are presented. Finally, the numerical results concerning the high-intensity fire dynamic and the evaluation of the SSD for both humans and buildings are discussed.




2. Materials and Methods


2.1. Characteristics of the Case Study


2.1.1. Site Description


Corsica (France) provides a unique study area for fire risk research. On this island, it is estimated that among 360 villages or towns, about 200 are subject to wildfire risk and have a high probability that such events would affect people, homes and infrastructures [53]. The susceptibility to wildfires in this area is not only due to climatic change, but also to the vegetation characteristics (type and cover). Indeed, the vegetation growth due to land abandonment resulted in dense and flammable fuel [54]. The risk increases during summer periods with increasing population (doubles) in this popular touristic region. Population in agglomerations doubles and human frequentation expands in isolated fire-prone areas (outdoor activities in forests or mountains, nature campsites, car parking near seashore, etc.) [55]. Therefore, the site selected for this study, located in the commune of Sari-Solenzara (41°50′13″ N 9°22′23″ E) in the south-eastern region of Corsica (Figure 1), represents an illustration of some WUIs where the risk of wildfires threatening the lives and properties of the people is very significant. This site has the particularity of having a house at the top of an inclined terrain covered by a dense vegetation composed of high shrubs (Figure 2). The terrain slope was evaluated using GPS measurements on site. An average value of 12° was obtained along the main propagation axis of a most-likely fire.




2.1.2. Characterization of the Vegetation and Meteorology


As mentioned previously, this site was selected for the apparent structural homogeneity of its vegetation layer mostly composed of 4 m high shrubland with a cover > 90%. The vegetation is one of the most important factors affecting the fire dynamics. So, vegetation modeling is essential for the purpose of predicting wildfire behavior and to assess its impact on targets. This topic is relevant to many people, from the fire modeler to the fire and land managers. The fuel model concept was developed in the USA as a way to accommodate the detailed and complex fuel input requirements of Rothermel’s fire spread model [56]. It should be noted that, for the same vegetation typology, the fuel model may be different according to the fire model used. Nevertheless, the need to develop customized fuel models for the specificities of southern European vegetation is well-recognized [57]. Thus, a fuel model, used in two previous studies [42,43], was adapted to consider the local shrubland in the study site and to be applied as inputs to FireStar2D. The physical and thermochemical characteristics of both live and dead particles forming the fuel layer are listed in Table 1. These characteristics were determined from field sampling for accurate representation.



Concerning the environmental conditions, in consultation with the members of the GTI group, it was decided to apply particular conditions, called “critical case”, that could generate high-intensity fire. Firstly, the wind intensity and direction along the main slope direction were assumed to remain constant at a speed of 60 km/h (16.7 m/s) at 10 m above the ground. Secondly, the air temperature and relative humidity considered are those of a hot and dry period, and they are equal to 35 °C and 20%, respectively.




2.1.3. Description of the Targets


In order to study the impact of a high-intensity fire, two different targets were selected and are described in this section; the targets are a human body and a building.



	
Human body target: A person with an average height of 1.70 m is considered as the target for the calculation of the different heat fluxes (radiative and convective). As shown in Figure 3, the person is assumed to be standing perpendicular to the ground at a distance d from the flame front.



	
Building target: A three-level building with a 10 m wide façade is considered. R0 is the level at 0 m, R1 is the level at 3 m, R2 at 6 m and the roof R3 at 9 m (Figure 4). Radiative and convective heat fluxes are assessed at these levels, and the SSD values are then determined based on the maximum tolerable heat flux related to the type of construction material at each level of the building.








2.2. Numerical Method


2.2.1. Numerical Configuration


Numerical simulations were conducted using the fully physical fire model FireStar2D based on multiphase formulation [58]. This 2D model was validated from calculations carried out at different scales and homogeneous vegetation types, and the predictions obtained were compared to experimental results, empirical and semi-empirical models [43,45,49,59,60]. In addition, FireStar2D appears to be suitable for operational works since it does not only provide results for fire dynamic, but also valuable estimations of the fire front impact in the case of high-intensity fire events with a reasonable computing time (almost 24 h for a simulation in this studied case) [43].



The mathematical model used in this 2D numerical approach consists of space-averaging the conservation equations (mass, momentum, energy, etc.) governing the behavior of the coupled system formed by the vegetation and the surrounding atmosphere. This averaging is performed on elementary control volumes including both the gaseous phase and the solid phase representing the vegetation. The model consists of two parts that are solved on two distinct grids. The first part involves the equations of a reactive turbulent flow in the gas phase composed by a mixture of fresh air with the gaseous products from the solid phase degradation (by drying, pyrolysis and heterogeneous combustion) and its homogeneous combustion in the flaming zone. The second part consists of the equations governing the state and the composition of the solid phase subjected to an intense heat flux coming from the flaming zone. The interaction between the gaseous and the solid phases (mass transfer, drag, heat fluxes, etc.), is obtained through coupling terms that appear in both parts of the model. The details of FireStar2D model are thoroughly described in previous works. The reader is invited to consult the references [44,45,46,47,48,49] for more information about this 2D model and for a comparison with other wildfire tools available within the literature.



The 2D computational domain used for the simulations was 190 m long and 40 m in height (Figure 5), and the vegetation layer of height e = 4 m and 100 m long is located 20 m away from the domain inlet. In the fuel model used in this study (Table 1), an average value for each parameter is considered regarding dead and live fuel particles, which leads to an equivalent vegetation model considering a single species in a homogenous stratum. For instance, the total fuel load    σ t    is equal to the sum of dead and live fine particle loads (Table 1), which gives a value of    σ t  = 2.68   kg/m2      σ t  = 0.89 + 1.79    . These loads are also used to evaluate the distribution of dead and live particles within the fuel bed (33.2% dead and 66.8% live). The fuel volume fraction    β s    is then obtained and is given by the following:


   β s  =    σ t     ρ s  × e    



(1)




where    σ t    is the total dry fuel load,    ρ s    is the fuel density and e is the average vegetation height. This parameter is equal to   9.3 ×   10   − 4    .



Concerning the surface area to volume ratio, the equivalent value of this parameter is equal to   s = 5024   m−1 (  s = 5544 × 0.332 + 4766 × 0.668 )   (Table 1). Finally, the equivalent fuel moisture content between live and dead fine particles is equal to FMC = 69.45% (FMC =   8 × 0.332 + 100 × 0.668 )   (Table 1).



Concerning the mesh size in the computational domain, both solid and fluid phase grids were characterized by cells sizes below the radiation extinction length scale within the vegetation given by 4/sβ [61], where s is the surface to volume ratio of the vegetation (m−1) and    β s    is the volume fraction of the solid phase. Ignition was obtained by injecting CO gas at 1600 K from the ground during 5 s and with a constant velocity of 1 m/s. It is activated after 30 s of simulation time when a statistically steady profile of the turbulent boundary layer inside and above the fuel bed is reached [49].



The simulation was carried out for a 10 m open wind speed U10 = 16.6 m/s (assuming a one-seventh power wind velocity profile at the inlet of the computational domain) and for a slope angle α = 12°. Open boundary conditions are applied at the top of the domain and an outflow is assumed at the domain outlet. The inclination angle was specified through two non-zero components of gravitational acceleration as follows:    g X  = − g s i n  α    and    g Y  = − g c o s  α   , where g = 9.81 m/s2 is Earth gravity. All the input parameters of FireStar2D concerning the fuel characteristics, meteorological and topographical conditions are listed in Table 2.




2.2.2. Calculation Methods


	
Rate of spread






The rate of spread (ROS) represents one of the main parameters that characterize wildland fire behavior. Using FireStar2D [49,59], the ROS is evaluated based on the variation with time of the pyrolysis front position at the fuel bed surface when the fire front reaches a steady state.



	
Fireline intensity






The fireline intensity using FireStar2D is evaluated as follows:


   I  B N u m   =  m ˙  × Δ  H c   



(2)




where   Δ  H c    is the vegetation heat yield and   m ˙   is the mass loss rate due to pyrolysis and charcoal combustion. The mas loss rate [49,59] is given by the following:


   m ˙  =   w ˙   p y r   +   w ˙   c h a r      



(3)




where     w ˙   p y r     and     w ˙   c h a r     represent the rate of dry material pyrolysis and charcoal combustion in the solid phase, respectively.



	
Heat fluxes






Both radiative and convective heat transfer play a critical role in assessing fire impact. The dominant heat transfer mode depends on the wind conditions and terrain slope. These parameters influence the flame inclination angle, and therefore, the heat fluxes received by the target located ahead of the fire front.



In FireStar2D, the evaluation of the radiative heat transfer is based on the total irradiance J, given in Equation (4) [59], calculated by the integral of the radiation intensity I in every direction.


  J =   ∫  0  4 π   I   d Ω  



(4)







The radiation intensity I is obtained from the contribution of both soot particles produced in the flame and the embers located behind the fire front. The variation of the radiation intensity I along an optical path S, is obtained from the radiation transfer equation (RTE) that describes its propagation through an absorbing and an emitting medium. The RTE is given by the following:


    d    β g  I     d S   =   s  β s   4      B  T s    4   π  − I   +  s g   β g      B  T 4   π  − I    



(5)




where sg is the absorption coefficient of the gas/soot mixture, βg is the volume fraction of the gaseous phase, and B is the Stephan–Boltzmann constant. Equation (5) is solved in FireStar2D using the discrete ordinates method (DOM) for a finite number of directions [62].



Concerning the convective heat flux, it is calculated using Newton’s law of cooling [63] as follows:


   Q  c o n v   =  h   c        T −  T a     



(6)




where   T −  T a    is the difference between the gas mixture temperature  T  that can be evaluated at every position in the computational domain, and the target temperature    T a    (assumed to be equal to the ambient temperature), and    h c    is the convective heat transfer coefficient calculated using empirical correlations for laminar or turbulent fluids, and its evaluation is based on the target type. The model proposed by Oguro et al. [64] was considered for a standing human body target. This model was tested up to a wind speed of 6 m/s. For a building target, the MOWITT model [65] was used, which was validated for wind speeds up to 12 m/s. In the correlations established in these two models, air properties evaluated at ambient temperature were taken into account.



When the target is a human body,    T a    is assumed to be equal to 34.2 °C [66] and    h c    is given in Equation (7) [64] as follows:


   h   c , H B    = 9.41    U  0.61    



(7)




where U is the speed of the fluid flow evaluated at the target position.



With regard to the building target, there are different methods to determine the convective heat transfer coefficient    h   c , e x t      for evaluating the convective heat exchange between the external environment (turbulent flow generated by a wildfire) and the façade of the building. Analytical methods are only applicable for some specific flow regimes and simple geometries such as flat plates or cylinders [67]. Numerical methods are powerful tools to calculate    h   c , e x t     ; however, these simulations need large computational resources and the results need improvements [68]. So, the experimental methods, both from reduced and full scale tests, are still the main source of evaluation for    h   c , e x t     . Considering the complexity involved in the evaluation of this parameter, previous experimental research has led to a variety of models proposing empirical methods to estimate this parameter. Mirsadeghi et al., reviewed these models in a detailed paper [69]. In this study, the MOWITT model [65] is used to evaluate the convective heat transfer between fire generated flow and the façade of the building. This model is based on large-scale experiments and proposes the following expression of the convective heat transfer coefficient:


   h   c , e x t    =     (  C t       T a  − T     1 / 3   )  2  +     a  V 0 b     2     



(8)




where    C t    is the turbulent natural convection constant,    T a    is the surface temperature supposed to be equal to the ambient temperature and  T  is the gas mixture temperature. V0 represents the gas flow speed and a and b are the constants for windward and leeward surfaces. In this case, the constants corresponding to the windward surface are used (Table 3). According to Equation (8), this correlation includes components of both natural and forced convection in such a way that the effect of each component, in its region, dominates the    h   c , e x t      calculation [65]. The results provided by this model show a good agreement with the experimental measurements compared to some other existing models. As a result, the constants a and b have a low level of uncertainty. It is worth mentioning that this model is implemented in different building energy simulations (BES) and simulation codes that represent important tools in building design and operation [70]. Consequently, the use of this correlation is assumed as a correct representation of the convective heat transfer between the flame and the vertical windward surface of the building considered in the present study.






3. Results and Discussion


3.1. Fire Behavior


The numerical simulation of the fire behavior predicts a value of ROS = 1.9 m/s (time derivative of the pyrolysis front position as shown in Figure 6) and a fireline intensity    I  B N u m   ≈   45 MW/m. These results reveal an extreme wildfire event with rapid fire spread and very high fireline intensity that can easily overwhelm suppression efforts. For comparison purposes, a surface fire propagating across shrubland, grassland or forest, with an intensity lower than 2 MW/m, is moderately difficult to control with ground means, whereas between 4 and 10 MW/m, it becomes very or extremely difficult to fight, especially when the flame length is in the range between 3.5 and 10 m [4,5]. In this case, any terrestrial attempt to contain the fire’s head may fail. Moreover, for a fire intensity exceeding 10 MW/m as in this study, an uncontrollable extreme fire behavior occurs where the direct attack of the fire front, even with aerial means, becomes inefficient. Ground or aerial actions can only be performed when atmospheric conditions are less severe, such as with lower air temperature level, higher relative air humidity and lower wind velocity. It is obvious that the order of magnitude of these results is relatively high and is not frequently observed by field operators, but this is justified by the fact that a constant strong wind (60 km/h) is assumed in the direction of the slope (12°) with a high ambient temperature (35°) and low relative air humidity (20%). It is not often the case that such extreme conditions occur, but these considerations were taken into account to increase the safety margin when using these results by operational staff.




3.2. Fire Impact


The evaluation of the SSD in this studied case, for both human bodies and buildings, is based on the radiative and convective heat fluxes received by these targets, when the flame front reaches the end of the vegetation area as shown in Figure 7. It is assumed that there is no surface fuel between the target and the end of the plot.



Once the heat transfer between the fire front and the target is evaluated as a function of distance, the consequences for people and buildings can be estimated using vulnerability threshold values related to the target type. For example, the maximum tolerable value of heat flux for people without protection is considered to be equal to 5 kW/m2, which is quite different for a firefighter wearing clothes that are resistant to thermal radiation and cover almost the whole surface of the body. In this case, a maximum of 7 kW/m2 is considered. It is worth mentioning that the heat flux threshold may vary if the duration of exposure is considered. For example, according to the API 521 [71], for a thermal radiation of approximately 5 kW/m2, the time to reach the pain threshold is on the order of 16 s. Hence, an individual would react to an emergency release before feeling pain [72]. Therefore, API 521 suggests a tolerable level of 6.3 kW/m2 for situations in which emergency actions lasting up to 1 minute may be required by personnel without shielding or wearing appropriate clothing. For a continuous exposure, a threshold of 1.58 kW/m2 is suggested.



Table 4 shows examples of heat flux thresholds for non-protected people, firefighters and some building materials that can be found in buildings such as steel, wood and plastic materials (polystyrene, expanded polyurethane, PVC, etc.).



3.2.1. Human Body Target


Figure 8 shows the time evolution of the radiative heat fluxes, calculated with FireStar2D, for a person located at distances of 10, 20, 30, 40 and 50 m from the end of the plot.



Figure 9 shows that the variation of the maximum radiative heat flux (Qrad) received by the target follows an exponential curve as a function of the distance d to the flame front. For instance, if the target considered is a firefighter with equipment who can withstand a flux of less than 7 kW/m2 without injury (Table 4), the SSD for this threshold value, considering only the radiative heat flux, can be determined graphically, and it gives a value of SSD = 36.3 m (Figure 9).



By introducing the convective heat transfer contribution, the total heat flux (Qtot), which is the sum of the radiative and convective heat fluxes, also follows an exponential pattern as a function of the distance between the flame front and the human body (Figure 9). In this case, the SSD value evaluated graphically is equal to 37.1 m. Therefore, considering the convection contribution increases the SSD by less than 2%. For instance, previous high-intensity surface fires conducted in shrubland vegetation show almost the same order of magnitude of convective heat fluxes received by fluxmeters (height < 3 m) located beyond 6 m from the plot end [42,43]. Knowing that the convection contribution is related to the contact between the flame and the target, it is then dependent on the flame inclination angle, and especially the orientation of the hot gases. Figure 7 shows that for a person with a height of 1.7 m, there is no significant contact between the flame and the target. Consequently, small convective fluxes were obtained with a dominance of the radiative heat transfer at different distances ahead of the fire front.



This result also confirms that the theoretical SSD models, even when based on the radiative heat transfer only, can be used to assist operational staff in making decisions about such high-intensity wildfire behavior. According to some previous models, for flame heights below 10 m and slopes less than 25%, the SSD required ranged from 20 to 50 m to ensure no more than 1 or 5% probability of fatal injury without the use of a fire shelter [77]. However, when the flame height exceeds 10 m, for all the combinations of fire shelters and probability levels, the SSD ranges from one to four times the flame height [28,30,77]. In this studied case, where the slope is moderate (21%), an average flame height Hf between the top of the visual flame (at a hot gas isotherm of 1000 K) and the ground surface was numerically predicted, and it is equal to Hf  ≈  8 m. Therefore, when comparing the results obtained using FireStar2D and these previous empirical models, a 50 m SSD may be sufficient to prevent fatal injuries. However, a newly proposed guideline assumes that the flame height of a crown fire is approximately twice the vegetation height, taking into consideration a slope wind factor to account for the convective heat transfer mechanism [78]. As a result, the SSD evaluated using this model becomes three to four times higher than the value evaluated numerically in this study. It is worth mentioning that the case studied represents a surface fire type, which means that a further study on crown fires will be carried out in a future work in order to compare the results with the empirical models considering this type of vegetation.




3.2.2. Building


The fire impact on a building was studied by evaluating the radiative (Figure 10), convective (Figure 11) and total heat fluxes (Figure 12) received by a four-level construction (0, 3, 6 and 9 m) at different positions ahead of the fire, when the fire front reaches the end of the vegetation area.



For instance, taking the example of the maximum tolerable value for the wood ignition (Qtot = 12 kW/m2), the safe separation distances to prevent damage evaluated graphically, considering only the radiative contribution, are 32.5 m, 21.8 m, 18.5 m and 17.3 m for the levels R0, R1, R2 and R3, respectively (Figure 10). Considering the convective heat transfer, these values increase to 32.6 m, 22.6 m, 19.3 m and 19.1 m, respectively (Figure 12). These results reveal that the radiation contribution was the dominant factor in evaluating the SSD at the different levels of the building. In addition, the results in Figure 11 show that the convection contribution was significant for a separation distance lower than 30 m and it increases globally with the building level height. Nevertheless, the convection at certain levels (R1 and R3 (Figure 11)) do not exactly match this tendency, and this may be due to the movements of the hot gases that do not follow a unique direction, as shown in Figure 7. Consequently, while the radiation globally follows an exponential decrease with distance for the different levels, the convective heat transfer is more dependent on the combination of the target elevation and position, because they both affect the contact between the hot gas flows and the levels of the building. Finally, regardless of the construction material type, the graphical evaluation of the SSD can be made using Figure 12 based on the thermal flux threshold that the target can withstand without damage.




3.2.3. Numerical Correlations for the SSD Evaluation


One of the main objectives of this study was to establish correlations that can be used by the firefighters in order to determine the total heat flux at each position ahead of the fire front, and especially to evaluate the safe separation distance in the case of a high-intensity fire. These correlations are derived from the results shown in Figure 9 and Figure 12 and can be represented by the following general expression (Equation (9)):


   Q  t o t   = A ×  d B   



(9)




where A and B are constants related to each target type (human body and the different building levels) as shown in Table 5.



The SSD for a target can be estimated by replacing Qtot by the maximum tolerable value of the thermal flux in Equation (9). For instance, for an equipped firefighter, Qmax = Qtot, HB = 7 kW/m2 gives a value of d = SSD = 33.6 m. For the building, taking an example of the threshold value of the wood ignition (Qtot = 12 kW/m2), the safe separation distances to prevent damage are 25.5 m, 21.6 m, 18.5 m and 13.7 m, for the levels R0, R1, R2 and R3, respectively. It is worth mentioning that the SSD values obtained graphically and analytically using correlations are less than 50 m for both the equipped firefighters and the buildings, which indicates that this SSD value set by the experts’ regulation in Corsica can be sufficient to prevent damage and injuries when firebrands are not considered.






4. Conclusions


This study investigates suitable safe separation distances between a wildland fire and different target types (human bodies and buildings). A physically based numerical fire spread model was used to investigate a case of fire spreading through a high shrubland under a moderate slope and strong wind. This case study is considered to be representative of most high wildfire risk situations in Corsica. This paper first describes the methodology applied using FireStar2D to determine the safe separation distance (SSD). This methodology leads to correlations that relate the total heat flux (radiative and convective) to the distance separating the targets from the fire front. The SSD is then evaluated by considering the maximum tolerable value of the thermal heat flux that can be received by the target without causing harm or damage. In this “critical” case, the propagation conditions defined by the operational staff generated a high-intensity fire. The safe separation distances evaluated using this methodology, for an equipped firefighter as well as for a building, are less than 50 m. Consequently, this confirms the effectiveness of the safety distance value around habitations, fixed by the operational experts, assumed to be equal to a minimum of 50 m in France. Therefore, this regulation can also be pertinent for all the wildfire events propagating under a wind speed of <16 m/s and a terrain slope of <12°. It is worth mentioning that the radiative heat transfer contribution was the dominant factor in the evaluation of the SSD.
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Nomenclature




	
B

	
Stephan–Boltzmann constant (W/m2·K4)




	
Ct

	
Turbulent natural convection constant (W/m2·K4/3)




	
Cp

	
Fuel specific heat (J/kg/K)




	
e

	
Fuel bed depth (m)




	
FMC

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




	
g

	
Gravity (m/s2)




	
    h   c , H B      

	
Convective heat transfer coefficient for a human body (W/m2·K)




	
    h   c , e x t      

	
Convective heat transfer coefficient for the exterior surface building (W/m2·K)




	
Hf

	
Flame height (m)




	
    I  B N U M     

	
Byram fireline intensity evaluated numerically (W/m)




	
I

	
Radiation intensity (W/m2)




	
J

	
Total irradiance (W/m2)




	
Qconv

	
Convective heat flux received by a target (W/m2)




	
Qrad

	
Radiative heat flux received by a target (W/m2)




	
Qtot

	
Total heat flux received by a target (W/m2)




	
RH

	
Relative humidity (%)




	
ROS

	
Rate of spread (m/s)




	
s

	
Surface area to volume ratio (m−1)




	
sg

	
Absorption coefficient of gas/soot mixture




	
T0

	
Gas mixture temperature (K)




	
Ta

	
Ambient temperature (K)




	
Ts

	
Fuel particle temperature (K)




	
Ux

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




	
V0

	
Gas flow speed (m/s)




	
ΔHc

	
Fuel yield heat (J/kg)




	
   m ˙   

	
Vegetation mass loss rate (kg/m·s)




	
     w ˙   p y r     

	
Rate of dry material pyrolysis (kg/m·s)




	
     w ˙   c h a r     

	
Rate of charcoal combustion (kg/m·s)




	
Greek




	
α

	
Slope angle




	
ρs

	
Fuel particle density (kg/m3)




	
βs

	
Volume fraction of the solid phase




	
σ

	
Dry fuel load (kg/m2)




	
βg

	
Volume fraction of the gaseous phase
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Figure 1. Localization of the commune of Sari-Solenzara and study site. 
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Figure 2. Vegetation cover and house in the WUI considered for this study. 
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Figure 3. Configuration of the “human body” target with respect to the flame front position. 
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Figure 4. Configuration of the “building” target with respect to the flame front position. 
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Figure 5. Computational domain and boundary conditions used in the 2D simulations. 
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Figure 6. Variation with time of the furthermost point of the pyrolysis front at the fuel bed surface obtained by FireStar2D after ignition time. 
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Figure 7. Instantaneous temperature field obtained using FireStar2D when the fire front reaches the end of the plot. 
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Figure 8. Variation with time of the radiative heat fluxes received by the human body at different positions ahead of the plot end. 
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Figure 9. Maximum radiative heat fluxes received by the human body at different positions ahead of the fire front when the flames reach the end of the vegetation area. 
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Figure 10. Variation of the radiative heat fluxes received by each level with respect to the distance separating the building from the fire front. 
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Figure 11. Variation of the convective heat fluxes received by each level with respect to the distance separating the building from the fire front. 
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Figure 12. Variation of the total heat fluxes received by each level with respect to the distance separating the building from the fire front. 






Figure 12. Variation of the total heat fluxes received by each level with respect to the distance separating the building from the fire front.



[image: Fire 06 00209 g012]







[image: Table] 





Table 1. Fuel model: main average properties of dead Corsican shrubland particles as well as the live fuel particle characteristics mentioned between brackets.






Table 1. Fuel model: main average properties of dead Corsican shrubland particles as well as the live fuel particle characteristics mentioned between brackets.





	
Region

	
Type

	
Fuel Bed Depth, e (m)

	
Dry Fuel Load, σ (kg/m2)

	
Surface Area to Volume Ratio, s (m−1)

	
Fuel Moisture Content, FMC (%)






	
Corsica

	
Shrubland

	
4

	
0.89 (1.79)

	
5544 (4766)

	
8 (100)




	
   Particle   Density ,    ρ s    (kg/m3)

	
Fuel Specific Heat, Cp (J/kg/K)

	
Heat of Combustion, ΔHc (J/kg)




	
720

	
1912

	
19,640
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Table 2. Main average properties of the vegetation, meteorological and topographical conditions.






Table 2. Main average properties of the vegetation, meteorological and topographical conditions.





	
Fuel Characteristics






	
Fuel moisture content, FMC (%)

	
69.45




	
Fuel bed depth, e (m)

	
4




	
Dry fuel load,    σ t    (kg/m2)

	
2.68




	
Volume fraction,    β s   

	
   9.3 ×   10   − 4     




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

	
5024




	
Meteorological and Topography Conditions




	
Average wind speed in the slope direction, U10 (m/s)

	
16.6




	
Ambient temperature, Ta (°C)

	
35




	
Relative humidity, RH (%)

	
20




	
Terrain slope value, (°)

	
12
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Table 3. Values of the    h   c , e x t      constants evaluated using the MOWITT model.






Table 3. Values of the    h   c , e x t      constants evaluated using the MOWITT model.





	Wind Direction
	    C t     (W/m2·K)4/3
	a (W/m2·K (m/s)b)
	b
	rms (W/m2·K)





	Windward
	0.84    ±    0.015
	2.38    ±    0.036
	0.89    ±    0.009
	0.91
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Table 4. Consequences of different thermal flux threshold values for different target types [73,74,75,76].






Table 4. Consequences of different thermal flux threshold values for different target types [73,74,75,76].





	Heat Flux Threshold (kW/m2)
	Criterion





	5
	Maximum tolerable value for non-protected people



	7
	Maximum tolerable value for completely protected firefighter



	12
	Unpiloted wood ignition



	10
	Ignition of certain polymers



	25
	Thin steel can lose mechanical integrity



	37.5
	Instantaneous death, damage to process equipment and collapse of mechanical structures
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Table 5. Coefficients of the correlation relating the total heat flux to the distance separating the target (human body and building) from the fire front.






Table 5. Coefficients of the correlation relating the total heat flux to the distance separating the target (human body and building) from the fire front.











	
	A
	B
	R2





	Human body (1.7 m height)
	   7883.2   
	−2
	0.9474



	Building level R0 (0.21 m)
	   3545   
	−1.756
	0.9829



	Building level R1 (3 m)
	   13 , 460   
	−2.285
	0.9999



	Building level R2 (6 m)
	   32 , 423   
	−2.71
	0.9906



	Building level R3 (9 m)
	   487.3   
	−1.417
	0.9316
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