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Abstract

:

The combined effects of percent slope and fire intensity of a wind driven line fire on an idealized building has been numerically investigated in this paper. The simulations were done using the large eddy simulation (LES) solver of an open source CFD toolbox called FireFOAM. A set of three fire intensity values representing different heat release rates of grassland fuels on different inclined fuel beds have been modeled to analyze the impact of factors, such as fuel and topography on wind-fire interaction of a built area. An idealized cubic structure representing a simplified building was considered downstream of the fire source. The numerical results have been verified with the aerodynamic measurements of a full-scale building model in the absence of fire effects. There is a fair consistency between the modeled findings and empirical outcomes with maximum error of 18%, which acknowledge the validity and precision of the proposed model. The results show that concurrent increase of fire intensity and terrain slope causes an expansion of the surface temperature of the building which is partially due to the increase of flame tilt angle upslope on the hilly terrains. In addition, increasing fire intensity leads to an increase in the flow velocity, which is associated with the low-pressure area observed behind the fire front. Despite limitations of the experimental results in the area of wind-fire interaction the result of the present work is an attempt to shed light on this very important problem of fire behavior prediction. This article is a primary report on this subject in CFD modeling of the collective effects of fire intensity and sloped terrain on wind driven wildfire and its interaction on buildings.
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1. Introduction


Wind and topography, including terrain slope, together with the vegetation (fuel type), are commonly accepted to be the dominant factors affecting wildfires dynamic [1].



Wildfires usually occur in complex topography which impacts the spread of the flame in various ways. Wind makes the scenario even more complex with the combined interaction of slope and intensity of the fire front and in many cases; this is the situation fire management authorities and firefighters may need to face [2].



It is commonly known that fire speeds up uphill, and numerous disastrous incidents of fire fighter fatalities have been reported in hilly terrains [3]. Many researchers [4,5,6] proposed semi-empirical or empirical fire models for fire behavior prediction systems and estimate the impact of sloped terrain using a spreading factor. A correlation between slope and wind was developed by Sharples [7], which indicates the slope and wind effects have the same trigger. That is to say, with the increase of wind speed or slope angle, the angle between the flame and unburnt fuel bed decreases, and the heat transfer increases accordingly. In another research, Dupuy and Maréchal [8] found out that radiation heat transfer from the unburnt area to the unburned fuel bed is dominant once the slope angle increases from 0° to 20° however by increasing the slope angle to 30° the convection becomes dominant.



Experiments conducted on the slope fire without the presence of wind are required to identify the slope effect. Van Wagner [9] conducted a series of laboratory experiments on the influence of upslope on fire dynamics and Rothermel [5] assessed the impact of sloped terrain on fire propagation by running laboratory upslope fires in no-wind environments. Viegas [10] proposed a line fire rotation assumption to analyze the impact of slope and to explain the change of fire shape. By conducting a number of laboratory tests, Dupuy [11] noted that particular fuel bed sizes were too small for investigating slope effects. Other researchers, such as Weise and Biging [12] and Mendes-Lopes et al. [13], investigated the collective impacts of wind and slope in laboratory conditions and reported some valuable data on slope fires spreading in no-wind environments. Vega et al. [14] and Fernandes et al. [15] developed empirical models based on a series of field experiments on fire spread over a sloping terrain smaller than 20 degrees which were similar to the McArthur model [6]. All the above-mentioned experiments used small fuel beds with fixed fire intensity and no attempt was made to examine the impact of fuel bed load associated with different fire intensities on fire wind interaction and particularly not been done on Wildland Urban Interface (WUI). Most of the available studies are on the effect of slope on the rate of spread of the fire. One such study is an experimental investigation done by Cheney et al. [16] on several field tests. They measured the impact of fire width on the rate of spread with wind on the flat terrain. The increase in the rate of spread with increasing slope angle was observed by Dupuy [17]. Edalati-nejad et al. [18] conducted a numerical study on the effect of sloped terrain on a line fire and its influence on a structure. The authors performed a time-dependent numerical study to investigate how a line fire affects a cubic obstacle placed on a sloped landscape. In their study, a sloped field with various angles of 0 to 30° under a range of wind velocities was simulated. Fire intensity was considered a constant value. Their results showed that under a single fire intensity value, raising the upslope terrain angle causes temperature growth near the structure. A numerical investigation on the impact of terrain slope on wind enhancement by a point source fire was carried out by Eftekharian et al. [19]. In the study, the impact of terrain slope on downstream wind flow as well as the location at which local maximum wind enhancement occurs was investigated. Results indicated that by an increase in terrain upslope angle, wind enhancement intensifies considerably. In their study, the impact of fire intensity on the downstream flow presence of the building was not investigated.



In addition to the terrain slope, fire intensity associated with the fuel load, type, and moisture of the fuel plays a crucial role in the fire dynamic modeling. In fact, intensity is one of the main characteristics of any fire regime [20,21]. Basically, in the context of fire science, fire intensity defines the physical concept of combustion development of energy discharge from the fuel bed, such as bush or grassland, forest, or any other type of material that can be considered as fuel for the fire. Therefore, the expression ‘intensity’ is described as a gauge of the time-averaged energy flow or the energy per unit volume multiplied by the velocity where energy is transferring. The unit of the resultant vector is W m−2 [22].



Rothermel [5] introduced a term called reaction intensity in his fire propagation model. This term represents the heat source and is consistent with the definition given by Jon E. Keeley [23]. However, there is a need for a much more thorough use of the term “intensity”. One alternative can be fire-line intensity, which is defined as the rate of heat transfer per unit length of the fire line (kW m−1) [24]. Fireline intensity signifies the radiative or convective energy in the flame front and is a significant characteristic for fire spread; therefore, fire intensity holds important information for fire suppression activities and has been incorporated into rating calculations of fire danger [25,26,27]. In the literature, the measure that represents fire intensity is fire-line intensity [28,29], which is misleading as much fire research measures, such as energy release from fire, provide a more practical system of measurement.



The concept of fire intensity is most regularly used in forest fires or grassland fires [30]. Many studies in the literature indicate that there is a relationship between the intensity of the fire line and flame length and the blazing height of coniferous tree crowns [31,32,33,34]. However, some fire consequences are more tightly linked to various fire intensity measures. Quantifying these other measures is usually necessary because fire-line intensity may be feebly associated with extreme temperature or heating duration [33,35].



Fire-line intensity offers information for more effective management of fire, temperature, and heating duration (residence time). Additionally, it can provide more important information for fire management activities, such as prescribed burning that requires maintaining vulnerable ecosystem elements. Other metrics, such as radiative energy, are more easily quantifiable for fire intensity in remote imaging analyses of fire impacts [36,37].



In addition, recently structure loss in wildland fires has substantially grown, which is mainly impacted by extended development in countryside areas, variations in fuel management strategies, and extreme weather due to climate change all of which are expected to upsurge in the future [38]. Furthermore, changing the area around a structure—particularly the adjacent fuel and landscape will influence the coverage conditions that affect the structure [39]. Therefore, understanding the flow field and heat transfer around and on the structures and mitigation tactics to reduce them is one method of decreasing WUI losses. Detailed information on structure burning in forced flow (strong wind) will also be important to enhancing risk-based forecasting tools and the development of potential WUI fire simulations [40].



Robust knowledge of the fundamental procedures that handle wildland fires is essential for delivering science-based explanations to the challenges wildfire pose to the ecosystem and society. A Computational Fluid Dynamics (CFD) simulation of wildland fire provides a significant path for enhancing this knowledge. Findings that are provided using CFD platforms have demonstrated potential in offering new understandings into a range of subjects linked to the wildland fires dynamics or at the very least have underlined areas that need sustained scientific research. For instance, the significance of fuel composition within a variety of sizes [40,41,42], the significance of flame configuration [43,44], and many more [45,46,47,48,49,50,51,52].



As these models evolve, it is crucial to make sure that they are implemented appropriately and tested rigorously against relevant experimental data [53,54]. To make the prediction of the complicated behavior of wildfires more feasible, various influencing factors have usually been treated independently. Many known studies have investigated wind, slope, or fire intensity effects separately. To the best of our knowledge, only relatively simple cases in which slope gradients are varied under constant fuel load (fire intensity) are studied in the literature [55,56,57,58,59]. Some other studies are available on the effect of wind velocities and slopes in which the spread rate is associated with the wind velocity or local terrain slope [60,61,62,63,64]. A survey in the literature reveals that despite its great significance the combined influence of terrain slope and fuel load on wind-driven surface fire has not yet been studied.



The key objective of this research is to develop a quantifiable and methodical assessment of the causes triggering the variation of the velocity profile and surface temperature of a structure located on different uphill terrains with fire sources of various intensities. This research is an early effort to model a wind-driven fire-line interaction with an idealized building. The influence of changing fire intensity values on an idealized building located on different uphill terrains has been simulated using FireFOAM CFD solver [65]. FireFOAM is employed to measure the thermal updraft loads on the building subjected to a bushfire (with varying intensities) that is infringing on the wildland-urban interface. Fire dynamic behavior is also examined and observations on the flame structure under different fire-line intensities are discussed. The present study aims to offer useful information related to the effect of the intensity of line fires on building ignition, enhancement of wind by fire, and strong winds/pressure gradients that can influence the structures’ integrity and the damage that could cause. It is notable to mention that the impact of strong fire-enhanced winds is largely neglected as part of the current risk managing code (with APZs, etc.).




2. Model Description


The computational domain in this study involves a rectangular field with a dimension of 50 × 30 × 25 m as demonstrated in Figure 1a. A cubic structure representing an idealized building with a size of 6 m in all directions, is located 25 m on the fire downstream. The fire source is a line fire running across the entire domain and placed 20 m upstream of the building to resemble a line fire pattern [66].



The size of the building is identical to the size of Silsoe building in the experimental study of Richards and Hoxey [67] (6 m × 6 m × 6 m), which was done on flat terrain and provides a series of essential scale data on the underlying aerodynamics of low-rise buildings under different wind loads. In this study, agreeing to the suggestions given by Richards and Norris [68], the borders of the field are sufficiently far off the structure to prevent the adverse impacts of boundary conditions.



To examine the collective effects of fire intensity and upslope terrain on the cubic structure downstream of the fire, a 3 m width fire bed flaming through the whole domain was placed 20 m upstream of the structure. Fuel has been chosen to ne methane with combustion heat of 45,435 kj/kg [43] to give intensity [24] of 10, 14, and 18 MW/m. These intensities are comparable to a conventional bushfire with rate of spread of 0.75–0.8 m/s and a load of fuel equal to 0.4–0.6 kg/m2 in common grassland according to [69].



To investigate the collective impacts of fire intensity and sloped terrain in this research, the angle of attack of the domain is set at four distinct upslope angles equal to θ = 0°, 10°, 20°, and 30°. The horizontal slope namely the domain attack angle, θ, is defined as the gravitational acceleration angle with the z axis of the simulation field, which is specified as two non-zero factors:


  gx = −  g   sin     θ     and   gz  = −  g   cos     θ  ,  



(1)







For the initial internal field, inlet, outlet, and top boundaries, the atmospheric pressure is applied. Free slip (zero gradient) boundary condition is considered for the side and top boundaries. The no-slip wall is used in the ground and building surfaces to have the near-wall treatment of turbulent flow. Using self-adapting wall function provides a higher resolution closer-to-wall eddy flows for a finer wall mesh comparable to the dimensionless wall distance parameter of values lower than 5 (y+ < 5 m). This implies that the turbulent boundary layer is fully solved up to the viscous sublayer. The initial temperature of the domain is 300 K, and the initial velocity follows the power-law velocity profile given in Equation (2). To generate more realistic inflow data and to be able to consider for turbulent inflow conditions, the boundary layer at the ambience is implemented using a power-law velocity profile (Equation (2)). This is a simple and yet efficient technique to lay over random oscillations on average velocity outline and to reduce the cost allied with causing the inflow data [70]. Therefore, in this study the random noise with the mean flow velocity is implemented at the domain inlet to rebuild the turbulent flow fluctuations. The power-law velocity profile used at the domain inlet is given in Equation (2) and also shown in Figure 1b.


  U  Z  =  U  ref        Z   Z  ref        α  ,  



(2)




where Zref is the reference altitude identical to the building’s height (6 m), and Uref is the reference velocity that is chosen as 6 m/s in this study. α is stipulated based on the terrain category in the experimental investigation of [71] and selected as 0.16. The primary temperature and velocity of the field are chosen as 300 K and 0 m/s, respectively.



To generate more precise computational results, close to the cube (representing the idealized building) and downstream of the fire, close to-wall regions with dimension of 22 × 20 × 12 m is created as a subfield with higher-resolution grid (See Figure 1b).




3. Numerical Method


Numerical simulations were performed using FireFOAM [65], which is an open-source software package composed of physical models related to heat transfer, combustion, and turbulent diffusion flames. FireFOAM is a large eddy simulation (LES)-based solver of OpenFOAM that is a C++ toolbox for developing customized numerical codes [72]. The privilege of FireFOAM is that the solver integrates several methodical CFD sub models account for range of processes happen in fire dynamic. It has been effectively employed in a number of practical purposes including pyrolysis of the solid fuels [73], fire suppression [74] and fire-wall interaction [75]. FireFOAM has also been shown to be an efficient means in wildfire simulations [76].



The Favre-filtered continuity, momentum, energy, species, and state equations for fully compressible flow is solved, which is the most common form representing fire dynamics [77]:


    ∂  ρ ¯    ∂ t   +   ∂       ρ ¯   u ˜    i      ∂  x i    = 0  



(3)






    ∂       ρ ¯   u ˜    i      ∂ t   +   ∂       ρ ¯   u ˜    i    u ˜  j      ∂  x i    =  ∂  ∂  x j       ρ ¯    υ +  υ t        ∂     u ˜  i      ∂  x j    +   ∂     u ˜  j      ∂  x i    −  2 3    ∂     u ˜  k      ∂  x k     δ  ij       −   ∂   P ¯     ∂  x i    +     ρ ¯  g   i    ,  



(4)






    ∂    ρ ¯   h ˜      ∂ t   +   ∂    ρ ¯    u ˜  j   h ˜      ∂  x j    =   D  P ¯    D t   +  ∂  ∂  x j       ρ ¯     α t  +    υ t    P  r t          ∂  h ˜    ∂  x j        +  q ˙   ′ ′ ′  − ∇ .   q ˙  r   ′ ′  ,  



(5)






    ∂    ρ ¯     Y m   ˜      ∂ t   +   ∂       ρ ¯   u ˜    j     Y m   ˜      ∂  x j    =  ∂  ∂  x j        ρ ¯      D c  +    υ t      Sc  t        ∂      Y m   ˜      ∂  x j      +  ω m  ,  



(6)






    P ¯   =   ρ ¯  R  T ˜   ,  



(7)




where “¯” and “~” indicates spatial and Favre filtering, correspondingly.  p  is the static pressure,  h  signifies the total enthalpy,    Y m    is the mass fraction of species m, g is the gravitational acceleration.     Pr  t   ,     Sc  t  ,      D   c   ,  υ ,    υ t   ,  P ,  R ,    α t   ,  δ  and    ω m    are the turbulent Prandtl number, turbulent Schmidt number, laminar diffusion coefficient, laminar viscosity, turbulent viscosity, density, gas constant, thermal diffusion coefficient, Kronecker delta and production/sink rate of species m due to gas reaction, respectively. Coupled velocity and pressure is applied in the PIMPLE scheme, which is used by FireFOAM, and the combustion Eddy Dissipation Model (EDM) is also employed in this numerical model. The model was initially proposed by Magnussen et al. [78,79]. In this model, turbulent mixing and combustion take place in finer structures (or smaller dissipative eddies) close to the Kolmogonov scale [80]. In this study, the turbulence model of the Large Eddy Simulation (LES) is applied. The model is more accurate than RANS models. In this model, the convolution between the spatial field and the filter function defines the spatial filtering operation [81]. The turbulent intensity is calculated at approximately 11% at the inlet top height. This makes an approximately 5% turbulent intensity at the building height location.




4. Model Validation


To validate the numerical model, two sets of experimental data are used. The first experimentation is associated with the measurement of pressure along the centerlines (vertical and horizontal) of the Silsoe 6 m cube proposed by Richards and Hoxey [67]. In the research done by [67], a complete set of data is prepared in a non-intersecting data block of the cube surface tap pressure along with the source upstream approach flow measured at the cube height.



As a whole scale cube test was done in the wind condition given by nature, each data block was distinct regarding the average conditions and there is no chance to precisely duplicate an experiment several times, as may possibly be conducted in a wind tunnel. Consequently, Richards and Hoxey [67] were able to manage the data in a way that a large number of blocks recorded were generated where the pressure coefficients were calculated by normalizing with the wind dynamic pressure at a reference position.



The second experiment applied to validate the current simulation is the investigation of Castro and Robins [82]. They investigated the flow over surface-mounted cubes in uniform, irrotational, and sheared, turbulent flows where measurements of body surface pressures and average and oscillating velocities within the wake were reported.



In conjunction with the two mentioned empirical analyses which were conducted in no-fire conditions, the present numerical model is also validated with the numerical work of He et al. [83]. He et al. [83] used Fire Dynamic Simulation (FDS) package to predict the distribution of pressure coefficient over a building under no-fire conditions.



Because the Eddy Dissipation Concept (EDC) is primarily controlled by turbulent mixing, fire dynamic behavior is closely associated with the aerodynamics of the building. Therefore, the pressure distribution on the structure in a no fire condition is a sensible measure that indicates the accuracy and validity of the numerical findings.



A grid sensitivity analysis is carried out to minimize the numerical uncertainties. With that, three sets of different grid sizes are created into the domain including 4,600,000, 7,800,000, and 9,500,000 structure grids. The subdomain grid resolution is five times greater than the primary field in which a three grid sets of (176 × 160 × 96, 210 × 191 × 114, and 224 × 204 × 122) were examined. The outcomes of the mesh sensitivity analysis suggested that growing the number of the cells primarily increases the mean pressure coefficient but further increase slightly affects the pressure profile. Therefore, the grid size of 7,800,000 was used for the simulations. All modeling was done for an overall time of 20 s after injecting of the fuel. It should be noted that a 20 s initial run is conducted to obtain quasi-fully developed turbulence prior to the initiation of the fire.



The simulation results of the average coefficient of pressure alongside the centerlines over the front surface of the building, at the top and rear sides of the cubic building (demonstrated by 0–1–2–3 solid lines) are mapped and shown in Figure 2.



The numerical results are compared with the experimental outcomes of Richards and Hoxey [67] and Castro and Robins [82] and the numerical results of He et al. [34]. Validation results are shown in the author’s previous study [18], which suggested that even though there is an acceptable consistency between the experimental and numerical data on the windward and leeward faces (0–1 and 2–3 lines), perceptible inconsistencies still exist across the roof face of the cube (1–2 line). These discrepancies which were also noted in other investigations included in Figure 2, can be associated with the great scatter of wind velocity data and direction data. This matter significantly affects the separation zones in the corners and the pressure distribution across the roof of the idealized building. Moreover, as the variations of wind pressure on the building are mainly because of the large-scale changes, the dimension of the modeling field can restrict the size of the biggest eddy and impact the outcome in an unsatisfactory way. The highest error of 18% is observed in location 1.25.




5. Result and Discussion


This study investigates the simulated impact of a dynamically variable wind field on a fixed heat source, delineating a WUI fire configuration. The simulations allowed for analysis of the transient fire performance that could be anticipated. The key aim of this work, therefore, is to create a validated, CFD code to simulate the collective impacts of wind-driven fire intensity and slope terrain in a WUI fire pattern. From both modeling and experimental points of view, the intensity of the fire and topography including sloped terrain are key features in assessing wildfire impacts on structures in WUI.



Figure 3 depicts the pattern of the flow for the change in velocity in the fire domain, in the stabilized state of the fire. The contour of vertical transects of stabilized streamwise velocity component (Ux = velocity component in the X direction) and corresponding velocity vectors in the flat terrain and 3 other sloped terrains (θ = 10°, 20°, and 30°) for various fire intensities of 10, 14, and 18 MW/m in a constant crosswind reference velocity of 6 m/s is presented.



As can be seen in this figure, the simulated fire plum is tilted towards the ground downstream of the fire bed. This is primarily because inertia forces are prevalent in this region. Furthermore, air entrainment hooked on the turbulent surface fire generates a low-pressure zone in the fire-ground attachment area ahead of the fire. As a result, the fire plume is expedited and creates a strong stream shape in a comparatively small area nearly connected to the floor instantly downwind of the fire source.



Comparing Figure 3A with Figure 3B,C for each terrain slope (flat terrain and θ = 10°, 20° or 30°), it is evident that by rising fire intensity from I = 10 MW/m to I = 14 MW/m and I = 18 MW/m, hot air plume around the flame zone moves forward in a faster pace. This is due to having a low-pressure zone ahead of the fire source because of the heated air in that area. This would form a low-density air region that generates an extra stream behind the fire plume and increases the air velocity downstream of the fire source.



On the other hand, for each fire intensity (I = 10 MW/m to I = 14 MW/m or I = 18 MW/m), increasing the terrain slope (upslope terrain) strengthens the Coanda effects [84] and triggers the flow to be more tilted and to stay connected to the ground instantly downstream of the fire. This is because of the creation of a component of buoyancy force in the wind direction [19]. The Coanda effect is defined as when a jet flow attaches itself to a nearby surface and remains attached due to inhibited entrainment of ambient fluid near the solid [84]. As shown in Figure 3, the collective effect of fire intensity and terrain slope will lead to the creation of a non-uniform region with random movements of the fire plume downstream of the fire source, which is associated with the unbalance buoyancy force and inertial flow from upstream toward downstream of the domain.



As shown, by increasing the sloping terrain for each fire intensity, the fire-ground bond area is stretched due to the oscillating behavior of the fire plume downstream of the fire. In addition, a recirculation area is observed downstream of the fire, behind the building which is associated with the reverse flow. In fact, having a pressure drop and wake along with a buoyant instability [85] results in the formation of a higher temperature air region behind the building. This phenomenon intensifies, with the growth of terrain slope, which is directly linked to the increase of buoyant flow instability which is happening due to changes in buoyancy force direction. The simulation results show that the maximum magnitude of flow disturbance occurs in the highest upslope angle and fire intensity (I = 18 MW/m and θ = 30°). At this Downstream of the fire, at the back of the building, a recirculation region because of reverse flow can be seen. This mostly happened due to pressure cut out and wakes together with a buoyant instability [85], which results in the creation of hot air zone at the back of the building. The mentioned incident escalated with a combined increment of fire intensity and slope terrain because of shifting in buoyancy force direction.



In addition, the presence of a building can substantially contribute to changing the plume attachment length. In other words, with increasing fire intensity and terrain slope the building generates premature buoyant fluxes, and the fire plume lift-off distance reduces in front of the structure.



Figure 4 shows the collective impacts of three different fire intensities and sloped terrain on the temperature distribution around the building at a constant crosswind velocity of Uref = 6 m/s. The contours are demonstrated in the stabilized state of the fire. As shown, at each sloped terrain (flat terrain, θ = 10°, 20° or 30°), increasing the intensity of the fire causes an increase in the temperature profile downstream and near the building. Results also show that the greater the intensities at steeper slopes change the downstream temperature considerably, in that the space behind the building experiences noticeably higher temperature variation of up to 1500 K at the highest fire intensity and steepest sloped terrain considered in this study (I = 18 MW/m and θ = 30°). The reason for temperature enhancement at the space behind the building with an increase in the terrain slope is due to increase in the tilt angle of the flame and the high temperature plume recirculation.



Looking at the contours of temperature distribution in the vicinity of the building and on the ground close to the building, it is evident that by increasing fire intensity and sloped terrain simultaneously, areas with higher temperatures closer to the building expand. This phenomenon can be associated with the synergies of two key factors. The first is that the greater fire intensity physically implies greater fuel consumption and as a result, a higher temperature the second parameter is that by the combined growth of fire intensity and slope, the flow velocity increases which triggers an increase in the Coanda effects that trigger the flow to be more tilted to stay connected to the ground instantly downstream of the fire.



Figure 5 shows the time-averaged plots of the collective temperature of the building surface in the stabilized state of the fire, for different fire intensities and sloped terrains. The collective temperature is described as the average temperature of the entire surface including the front, back, top and side faces. The reason for defining this concept is that each point of the surface has a distinct temperature, so the collective temperature is a sensible index to capture the temperature rise on the surface of the building.



As shown, the overall trend in this figure is matched with the results recorded in Figure 4 in that by increasing fire intensity, higher slopes experience higher mean temperature on the surface of the building. Results in Figure 5 show a sharp rise in the integrated temperature on the surface of the structure for the greater fire intensities and greater terrain slopes.



This is due to the increase in the intensity of the fire plume with the increment of the terrain slope. This is because of the growth in fire plumes, which is augmented by the wind velocity. This wind velocity is carried toward the building area that is perpendicular to the ground. Basically, the scale of fire intensity and value of terrain slope has a direct relationship with an integrated temperature of the building surface.



Demonstrated in Figure 6 is the distribution of temperature profile at the exterior of the building for various fire intensities and terrain slopes. It is evident that the surface at the front of the building experiences a more elevated temperature, which is associated with a greater view factor in terms of the radiation heat transfer received from the fire source. As can be seen from Figure 6A–C), increasing fire intensity and terrain slope would result in an upsurge in the maximum temperature on the surface of the building. The lack of stability between the buoyancy and inertial forces causes the creation of a turbulent flame which is the key reason for the random regime of the contours shown in Figure 6.



Essentially, the risk of bushfire in the WUI can be explained as a joint act of fire possibility, the intensity of the fire, and fire impacts [86]. The results drawn from this research trigger some questions on the logic of risk management techniques, for instance the one in Australian Standard AS 3959 [87].



Table 1 shows the flame height for the cases with three different fire intensity values and different terrain slopes 0°, 10°, 20°, and 30°. As reported, an increase in the terrain slope, decreases the flame height, as the tilt angle increases. On the other hand, an increase in the fire intensity increases the flame height because of an increase in fuel rate consumption and flame stability.



Figure 7 shows the contour of dynamic pressure for the terrain with slopes 10° to 30° and various fire intensity values of 10, 14, and 18 MW/m2. Comparing Figure 4 and Figure 6, it can be acknowledged that the pressure drops, downstream of the fire, caused by the movement of lower-dense hot air, and leads to an increase in the tilt angle of the flame.



The graph of the frequency spectrum of building surface temperature found from fast Fourier transform (FFT) analysis for the first 120 s of the simulation is shown in Figure 8. As can be seen, an increase in the two parameters of fire intensity and terrain slope leads to frequent pulsations in the fire plume. This is due to more frequent temperature signals caused by the more movement of hot and low-dense plumes downstream of the fire bed. The dominant frequencies are for the cases with higher fire intensities and terrain slopes.




6. Conclusions


A 3D CFD analysis of the dynamic characteristics of wind-driven line fires and their impacts on an idealized building has been presented, with a focus on the combined effects of fire intensity and terrain slope applicable to WUI fire impact. The model was derived from LES simulation of a wind-driven fire using a FireFOAM solver which is an open-source CFD software for fire dynamic modeling and turbulent diffusion flames. The numerical findings were compared with the empirical findings in no fire condition and demonstrated to be aligned with the experimental data.



A detailed comparison of the dynamics of the fire’s plume with a series of fire intensities on the structure located on different upslope terrains revealed that the collective effect of fire intensity and terrain slope changes the plume geometry and characteristics, also the presence of a building can considerably change the plume attachment pattern. Concurrent raise in fire intensity and terrain slope causes a significant increase of the temperature downstream of the source of fire in such a way that even at the back of the building a zone of a particularly higher temperature can be seen. It should be noted that by enhancing the terrain slope from 10° to 30° in the constant fire intensity of 10 MW/m2, the integrated temperature of the building increases approximately 46%. In addition, rising the intensity of the fire from 10 to 18 MW/m2 increases the building temperature by approximately 55%.



In addition, the presence of a building can substantially contributes to changing the plume attachment length. In other words, with increasing fire intensity and terrain slope the building generates premature buoyant instabilities and the fire plume lift-off distance lessens in front of the building.



It was also noticed that the presence of the building enhances the plume’s irregularity and regional heat transfer at certain positions upstream of the building. Therefore, possible dangerous areas vulnerable to the new fire source generation can be formed close to the building. In addition, the ability of the current model to estimate the thermal response of the building to the fire with increasing fire intensity on hilly terrain (upslope) was studied. It was noted the flame front was progressively tilted ahead as the slope increased from θ = 10° to θ = 30°, and also a concurrent increase in fire intensity and terrain slope will enhance this tilt angle and made it more connected to the ground.



The increased tilt angle of the fire’s plume with up-sloped terrain is mainly due to the Coanda effect which demands the plume to be tilted to the floor instantly downstream of the fire bed. The Coanda effects turn out to be stronger in greater upslope angles, as in these situations, besides the wind force, a buoyancy force is also generated windward which reinforces the Coanda effects and creates more inclination and makes the fire plume more connected to the ground.



Using the results offered in the present study at different scales, some knowledge will be gained on specific susceptibilities and the usefulness of mitigation strategies in WUI communities. Although it needs a high computational expense to fully apply the suggested context at greater scales, this attempt could suggest a somewhat reliable solution to lessen risks from potential WUI fires. These outcomes can be expanded by performing comparable analyses with fires having a range of characteristics, and more realistic and practical building geometries or multiple structures. In addition, more research is necessary to investigate fire dynamic behavior and to estimate more locally, justifiable space around homes. There is a big gap in fire science research to find feasible strategies for fire exposure mitigation from both radiation and direct flame contact. Such studies are essential to advise thorough wildfire risk management plans, together with enhanced urban development, and WUI building design.
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	    c p    
	heat capacity (J/kg/K)



	f
	frequency (Hz)



	g
	gravitational acceleration (m/s2)



	    h s    
	sensible enthalpy (J/kg)



	j
	mass diffusive flux (kg/m2/s)



	    N s    
	number of species



	p
	pressure (Pa)



	Pr
	Prandtl number



	       q c   ˙    ′ ′ ′    
	heat release per unit volume (W/m3)



	       q r   ˙    ′ ′    
	radiative flux (W/m2)



	Q
	Q-criterion



	Sc
	Schmidt number



	t
	time (s)



	T
	temperature (K)



	U/u
	velocity (m/s)



	Greek
	



	  α  
	thermal diffusivity (kg/m/s)



	  μ  
	dynamic viscosity (kg/m/s)



	  ρ  
	density (kg/m3)



	       ω k   ˙    ′ ′ ′    
	reaction rate (kg/m3/s)



	Subscripts
	



	c
	combustion



	i, j, k
	coordinate index



	k
	specie mix mixture



	r
	radiative



	sgs
	sub-grid scale



	t
	turbulent



	ref
	reference value



	Superscripts
	



	T
	transpose
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Figure 1. Schematic of computational domain and the location of the building (a) total domain; (b) subdomain geometry (location of the refinement zone). 
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Figure 2. Comparison of the mean pressure coefficient for the experimental studies of [64,74], numerical simulation of [75], and three different grids number for the presented study. 
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Figure 3. Vertical transects of the stabilized state streamwise velocity component (Ux) for the reference velocity Uref = 6 m/s in various fire intensities and slopped terrains (A) Fire intensity of 10 (I = 10 MW/m), (B) Fire intensity of 14 (I = 14 MW/m) and (C) Fire intensity of 18 (I = 18 MW/m). 
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Figure 4. Time-averaged plot of temperature distribution for the reference velocity Uref = 6 m/s in various fire intensities and sloped terrain (A) Fire intensity of 10 (I = 10 MW/m), (B) Fire intensity of 14 (I = 14 MW/m) and (C) Fire intensity of 18 (I = 18 MW/m). 
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Figure 5. Integrated temperature on the building surface versus the fire intensity for a constant Uref = 6 m/s and different terrain slopes. 
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Figure 6. The time-averaged plot of the temperature distribution on the surface of the building for three different fire intensity values and terrain slope at the stabilized state of the flame (A) Fire intensity of 10 (I = 10 MW/m), (B) Fire intensity of 14 (I = 14 MW/m) and (C) Fire intensity of 18 (I = 18 MW/m). 
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Figure 7. Time-averaged plot of dynamic pressure for the reference velocity Uref = 6 m/s in various fire intensities and sloped terrain (A) Fire intensity of 10 (I = 10 MW/m), (B) Fire intensity of 14 (I = 14 MW/m) and (C) Fire intensity of 18 (I = 18 MW/m). 
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Figure 8. The graph of frequency spectrum of building surface temperature obtained from fast Fourier transform (FFT) analysis for first 120 s of the simulation for various terrain slope values and fire intensities. 
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Table 1. Comparison of the flame height for different terrain slopes and fire intensities.
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	Fire Intensity 10 (MW/m)
	Fire Intensity 14 (MW/m)
	Fire Intensity 18 (MW/m)





	Flame height (slope 0°), m
	2.5
	3
	3.5



	Flame height (slope 10°), m
	2
	2.8
	3



	Flame height (slope 20°), m
	1.5
	2.5
	2.8



	Flame height (slope 30°), m
	1
	1.5
	2.5
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