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Introduction

Forest fires represent a potential treat for humans, civil structures and industrial facilities as well as for the environment [START_REF] Argañaraz | Assessing wildfire exposure in the Wildland-Urban Interface area of the mountains of central Argentina[END_REF]. The concern related to this kind of accidental scenario is growing. In fact, the global warming increases the occurrence frequency of extreme fires [START_REF] Dimitrakopoulos | Statistical Analysis of the Fire Environment of Large Forest Fires (>1000 ha) in Greece[END_REF]. Furthermore, the fast urbanization leads to the spread of the Wildland-Urban Interface, leading to increment of ignition sources and consequent impact of wildfires on neighboring structures and people [START_REF] Rossi | An analytical model based on radiative heating for the determination of safety distances for wildland fires[END_REF]. Therefore, investigating the safety-related aspects of the interaction of forest fires with wildland-urban interface elements is of utmost importance for effective emergency response planning and preparedness (Heymes et al., 2013a). The present work focuses on the impact of forest fires on a particular type of target: LPG (liquefied petroleum gas) tanks of different scales. Especially in rural areas, LPG is commonly adopted for domestic use and above-ground storage tanks are located outside of houses, often in the proximity of forests. When exposed to a severe heat load induced by fire, LPG tanks heat-up and pressurize [START_REF] D'aulisa | Numerical simulation of tanks containing pressurized gas exposed to accidental fires: Evaluation of the transient heat up[END_REF]. This may lead to the catastrophic tank failure, which, in turn, may be followed by dangerous events, such as boiling liquid expanding vapour explosion [START_REF] Landucci | Heat Radiation Effects[END_REF], fireball [START_REF] Landucci | Vulnerability of industrial facilities to attacks with improvised explosive devices aimed at triggering domino scenarios[END_REF] and missiles projection [START_REF] Tugnoli | Assessment of fragment projection hazard: Probability distributions for the initial direction of fragments[END_REF]. These events may severely affect people and structures in the proximity of the tank, worsening the effects associated with wildfires [START_REF] Maillette | Influence of release conditions on bleve fireballs[END_REF]. In order to characterize and predict the response of LPG tanks exposed to forest fire scenarios, [START_REF] Scarponi | Experimental and numerical study of the behavior of LPG tanks exposed to wildland fires[END_REF] proposed a two-dimensional (2D) model, based on computational fluid dynamic (CFD). This was validated against data from a fire test simulating a forest fire scenario. The model predictions showed a good agreement with the experimental measurements in terms of pressure and temperatures, but the application to multiple geometrical configurations of LPG tanks was lacking. In the present work, the model is extended to simulate the exposure of different LPG tanks types to a forest fire scenario, with the aim of studying the influence of the tank geometry on the vessel response.

Overview of the modelling approach

Model equations

The CFD model used in the present work solves the governing equations for mass, momentum and energy throughout the computational domain. Two additional equations for the conservation of the turbulence kinetic energy and dissipation rate are also included. All the simulations, carried out using the software ANSYS® Fluent® 18.2.0, considered a 2D vertical (and perpendicular to the axial direction) section of cylindrical tank positioned horizontally (see Figure 1). The Volume Of Fluid (VOF) [START_REF] Hirt | Volume of fluid (VOF) method for the dynamics of free boundaries[END_REF] was selected as multiphase model. This is suitable when two or more immiscible phases are present. It tracks the interface between the phases by solving a continuity equation for the volume fraction of one (or more) of the phases. In the problem considered here, two phases are present: the liquid (L) and the vapor (V). The latter one was chosen as the primary phase to avoid convergence problems. In this case, the continuity equation for the liquid volume fraction (αL) is expressed according to Eq(1), where ρL is the density of the liquid and 𝑢 ⃗ is the velocity, which is shared by the two phases. The volume fraction of the vapor phase is then obtained from the liquid volume fraction considering that, in each cell, they must sum to 1. 𝜕 𝜕𝑡 (𝛼 𝐿 𝜌 𝐿 ) + 𝛻 • (𝛼 𝐿 𝜌 𝐿 𝑢 ⃗ ) = 𝑚 𝐿→𝑉 -𝑚 𝑉→𝐿 (1)

𝑚 𝐿→𝑉 = 𝐶 𝐸 𝛼 𝐿 𝜌 𝐿 ( 𝑇 -𝑇 𝑠𝑎𝑡 𝑇 𝑠𝑎𝑡 ) (2) 
𝑚 𝑉→𝐿 = 𝐶 𝐶 𝛼 𝑉 𝜌 𝑉 ( 𝑇 𝑠𝑎𝑡 -𝑇 𝑇 𝑠𝑎𝑡 ) (3) 
The terms mV→L and mL→V represent the mass transfer rate from the vapor phase to the liquid one (condensation) and vice-versa (evaporation). They were defined according to the evaporation-condensation model implemented in ANSYS® Fluent® and based on the work of Hertz-Knudsen [START_REF] Knudsen | The kinetic theory of gases. Some modern aspects[END_REF]. In a given cell of the computational domain, evaporation will occur when the temperature is above the saturation temperature (calculated at the cell pressure) according to Eq(2), where T is the cell temperature; Tsat is cell saturation temperature. On the contrary, when the cell temperature is below the saturation temperature, part of the cell content will condense according to Eq(3). The coefficients CE and CC are both set to the default value of 0.1 s -1 , in accordance with guidance reported elsewhere (Landucci et al., 2016) dealing with liquidvapor LPG systems. According to several authors that studied the response of LPG vessels exposed to fire, the flow regime both in the liquid and the vapor space can be considered turbulent. Therefore, a turbulence model was needed for the present analysis. In particular, the k-ω SST [START_REF] Launder | Lectures in mathematical models of turbulence[END_REF] was selected, as proposed by [START_REF] Scarponi | Experimental and numerical study of the behavior of LPG tanks exposed to wildland fires[END_REF]. This model can be integrated throughout the boundary layer avoiding the use of wall functions. Details on the complete set governing equations adopted in the present work can be found in [START_REF] Scarponi | Experimental and numerical study of the behavior of LPG tanks exposed to wildland fires[END_REF]. Fluid properties (pure propane was considered in all simulations) are expressed as a function of temperature according to thermodynamic data provided in [START_REF] Liley | Physical and chemical data, Section 2[END_REF]. The Soave-Redlich-Kwong state equation was considered to be valid for the vapor phase. The thermal properties of carbon steel for the tank wall were taken from (CEN, 1998). All the simulations were run for 1200s.

Solution methods

A first order implicit scheme was adopted for the transient formulation, with a timestep of 5 ms. A second order upwind scheme was chosen for the spatial discretization of density, momentum, energy and turbulent quantities (k and ω), whereas the PRESTO! and the Geo-Reconstruction schemes were used for the pressure and the volume fraction respectively (ANSYS inc, 2012). Pressure and velocity coupling was obtained by means of the SIMPLEC (Semi-Implicit Method for Pressure Linked Equations-Consistent) algorithm. At each time step, the solution was considered converged when one of the following criteria was satisfied:

-The sum of the scaled residuals was below 10 -3 -For a given time step, the ratio between the residuals and the residuals at the beginning of the time step was below 0.05

Case study definition

In order to study the effect of the tank dimension on pressurization rate, temperature distributions and physical phenomena characterizing the vessel response to fire exposure, three different case study were defined as reported in Table 1. The same thickness was considered for all the tanks in order to exclude the effects of this parameter in the comparison of the results obtained in the different cases. In all the cases, the 80 % of the tank volume was considered to be occupied by the liquid phase.

Fire scenario and boundary conditions

The scenario taken into consideration is a 100 m wide by 40 m high fire front with an average emissive power of 90 kW/m 2 . This was taken as reference scenario in the study of the impact of a distant wildland fire on an LPG tank by Heymes et al. (2013b). For all the three cases listed in Table 1, a distance of 50 m was assumed between the fire front and the tank center. The amount of heat radiation (IP) hitting a given point (P) on the tank wall can be expressed (neglecting the radiation absorbed by the air) according to Eq(4a), where TF,BB is the equivalent black body temperature of the fire, σ is the Stefan-Boltzmann constant, T∞ is the temperature of the surrounding and fP→F is the view factor between point P and the fire.

𝐼 𝑃 = 𝜎 × 𝜁 (4a) 𝜁 = 𝑓 𝑃→𝐹 𝑇 𝐹,𝐵𝐵 4 + (1 -𝑓 𝑃→𝐹 )𝑇 ∞ 4 (4b)
𝑞(𝜃, 𝑡) = 𝜎𝜀 𝑤 (𝑇 𝐵𝐵,𝑒𝑞 (𝜃) 4 -𝑇 𝑤 (𝑡) 4 )

(5)

The CFD simulation considered the tank 2D section identified by the green plane depicted in Figure 1b (i.e. a vertical plane cutting the tank in the middle). However, the view factors between each point of the tank external wall and the fire where calculated considering the three dimensional geometry schematized in Figure 1b. The values of the view factors as a function angle θ (see Figure 1a) obtained for the three cases listed in Table 1 are very similar to one another. This is due to the small variation of the tank diameter with respect to the dimension d, L and H characterizing the fire scenario. The solver calculates the entering heat flux (q) for each point at the external wall according to Eq(5), where εw is the wall emissivity (εw = 0.77 was used in all the simulations) and Tw is the temperature of a given point at the external tank wall. The heat flux is a function of time (the wall temperature changes during the calculation) and the angle θ as defined in Figure 1a. At the beginning of the simulations, the tank lading was assumed to be motionless and at the saturation pressure at 20°C. Turbulent kinetic energy and specific dissipation rate were initialized at 10 -9 m 2 /s 2 and 10 -3 s -1 respectively. The No-slip condition was set at the inner wall.

Mesh definition

The computational grid was obtained using ANSYS® Meshing TM and is formed by a combination of quadrilateral and triangular elements, resulting in an unstructured mesh. For all the cases, regardless of the tank diameter, the maximum cell size was 3.3 mm with a global growth rate of 1.2. The inner and the outer wall were divided in the same number of segments, so that each segment on the outer wall was approximately 1mm-long. In order to ensure a good resolution in the near wall region, 50 inflation layers were built starting from the inner wall of the tank with a growth rate of 1.1. The first layer thickness was set to 70 µm. The mentioned parameters were used to build the meshes for the various tanks considered in the case studies listed in Table 1, where the mesh size for the different cases also reported. 

Results and discussion

When a tank is exposed to fire, the internal pressure rises. This can lead to the tank failure and produce severe consequences due to the sudden expansion of the vessel content. Figure 2 shows that the lower the tank diameter, the higher the pressurization rate. This behavior can be explained considering that the heat flux entering the tank is proportional to the tank area, whereas the thermal capacity is proportional to the tank volume. This means that, for cylindrical tanks of the same length (in 2D simulations this length is infinite) the temperature rise, and therefore the pressure rise, is inversely proportional to the tank diameter.

Figure 2: Pressurization curves obtained for the three case studies listed in Table 1.

The pressure rise is not the only factor that can determine the vessel failure. Another critical issue is represented by the degradation of the steel material properties at high temperatures. Figure 3 compares the temperature distributions along the tank wall obtained for the three case studies at different instants of time. It is clearly visible how the wall below the liquid surface remains quite cold due to the high heat transfer coefficient in the liquid phase. The liquid wetted wall temperature decreases with the increase of the tank diameter. On the other hand, the wall portion in contact with the vapor experiences a more severe heat-up, but reaching temperatures always far from the thermal weakening limit of low carbon steel (i.e. at temperatures higher than 400 °C [START_REF] Landucci | Heat Radiation Effects[END_REF]). In this region, very similar temperature distributions are registered for all the cases. However, in the second part of the simulations (i.e., after 600 s), the profile related to the smallest tank (case 1) slightly deviates from the other two. This is due to the upwards displacement of the Figure 4a compares the temperature distributions below the liquid surface obtained for the three case studies after 10 min from the beginning of the simulations. In all the case, the liquid appears to be strongly stratified. Despite the asymmetry of the fire scenario (only the right side of the tank is exposed to fire) the temperature is almost constant in the horizontal direction. On the other hand, the temperature variation along the vertical coordinate is clearly visible, especially in case 1, featuring small tank size. As the tank diameter increases (cases 2 and 3), the liquid bulk remains colder, due to the higher thermal capacity. Figure 4b shows the pathlines after 10 min from the fire start for the three case studies. A similar behavior can be observed in all of them. The velocity is quite small almost everywhere, except for a free convective layer forming in the region close to the exposed wall (the right side). The thickness of this layer increases with the tank diameter. The liquid rises parallel to the wall up to the surface, proceeds from right to left slowing down, in the direction of the tank vertical centerline and then falls back towards the bulk. It is interesting to note how, in the smallest tank (Case 1), a recirculation cell with an elongated shape forms just below the liquid-vapor interface. A similar behavior can be observed in the second case. Here, however, the center of this cell is closer to the side exposed to fire. This displacement is even more evident in the largest tank (Case 3).

In the vapor space the is more chaotic, with several and irregularly recirculation cells forming and disappearing periodically. In this case, the variation of the tank diameter produces no visible effect.

Conclusions

The modelling approach presented in this work allowed to study the response of LPG tanks to a forest fire scenario, analysing how the influence of the tank size affects the vessel temperature rise and consequence pressure build-up. It was pointed out that the pressurization rate decreases with the increase of the tank diameter. On the other hand, the tank size as a negligible effect on the wall temperature distribution. In all cases, the model showed that the maximum wall temperature is quite far from critical values at which steel suffers thermal weakening. The liquid is strongly stratified, even though the fire scenario is asymmetric. This behavior was observed in all the case studies, regardless of the tank size. It can be concluded that CFD model described in this work proved to be a powerful tool to investigate the response of LPG vessels exposed to fire. Simulation results, such as pressurization rate and maximum wall temperature, may be used to evaluate the possible failure conditions due to the thermal weakening of the tank steel structure, thus supporting the emergency response to wildland fires.
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 1 Figure 1: Values of the view factors as a function angle θ obtained for the different case studies (a) and schematic representation of the tank exposure to a forest fire front (b).

Figure 3 :

 3 Figure 3: Outer wall temperature profiles at 300 s (a), 600 s (b), 900 s (c) and 1200 s (d) as a function of the angular coordinate θ, defined in Figure 1.

  determined by the thermal expansion of the liquid itself. Such phenomenon increases the extension, in terms of the angular coordinate, of the wall portion in contact with the liquid, with consequent enhanced cooling effect.

Figure 4 :

 4 Figure 4: Temperature distribution in the liquid phase (a) and pathlines colored according to the velocity magnitude for the three case studies after 10 min from the beginning of the fire exposure.

Table 1 :

 1 Case study definition

	Case	Tank diameter (m)	Number of mesh cells
	Case 1	1.0	153,272
	Case 2	1.6	312,713
	Case 3	2.2	503,413