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Abstract

Numerical simulations of grassland fires were carried out to study the effects of the wind speed on the
dynamics of the fire front. This study was performed using a detailed physical model based on a multiphase
formulation, consisting in solving the balance equations (mass, momentum, energy ...) governing the behavior
of the coupled system formed by the vegetation layer and the surrounding atmosphere. The objective of this
study is to focus on the 3D interactions between a quasi-infinite fire front propagating through a homogeneous
vegetation layer (a grassland) and an atmospheric boundary layer flow representing an idealized wind flow.
The behavior of a surface fire results from the competition between the buoyant force of the thermal plume
and the inertial force of the wind. In 3D, the interaction between these two forces is at the origin of the
structuration of the fire front as a succession of peaks and troughs that modify the flames dynamics in a
manner different to what can be observed in a simplified 2D assumption. To reproduce a quasi-infinite fire
front, the numerical simulations were carried out using periodic boundary conditions along the two lateral
sides of the computational domain. The numerical results highlights the 3D structuration of the fire both
vertically and horizontally, and the significant effect of an increase of the wind velocity on the rate of spread
(ROS) and on the fire intensity. Results also show that the correlation between Froude’s number (based on
the fire-front structures characteristic-wavelength) and Byram’s number is the same at small scale (litter fires)
and at large scale (grassland fires).
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1. Introduction

From a physical and mathematical point of view, a wildfire is a multiscale and complex problem;
for this reason, most of operational tools predicting wildfires behavior, such as PHOENIX (Tolhurst
et al, 2008) in Australia and FARSITE in the US (Finney, 1998), are based on statistical or semi-
empirical approaches, namely the MK5 model (McArthur, 1967) in Australia and the BEHAVE model
in the US (Rothermel, 1972). However, in many situations, the quality of the predictions compared to
real observations on well documented fire can be qualified at least as poor (Hanson et al, 2000). The
limitations highlighted in empirical or semi-empirical models are mainly due to the fact that the
predictions outside the data-set range used for the model statistics are generally subjected to great
uncertainties and generally not suitable. Consequently, other approaches have been proposed to
improve the understanding of the physical processes governing the behavior of fires. This alternative
class of fire models is based on more or less realistic description of the physical phenomena governing
the heat transfer between the fire front and the vegetation (Sullivan, 2009). A fully physical model
addresses the problem of fire spread by analyzing its behavior through its physicochemical aspects
(Grishin and Albini, 1997, Mell et al, 2007). This approach minimizes the need of using an empirical
parameterization, even if, compared to empirical and semi-empirical models, it needs bigger
computational resources, it is also more promising in the understanding of the physics of fires (Mell
et al, 2007, Linn and Cunningham, 2005, Morvan et al, 2009). The fully physical approach has also a
great potential in the management of fire hazard in wildland-urban interfaces, such as the dimensioning
of a fuel break, the evaluation of heat flux on a target located inside the WUI, the interaction between
two fire fronts (Morvan, 2015, Mell et al, 2010)
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The 3D model used in this study (FireStar3D) is based on a multiphase formulation and solves the
conservation equations of the coupled system formed by the vegetation and the surrounding gaseous
medium (Grishin and Albini, 1997, Morvan et al, 2018). The predictive potential of FireStar3D model
was tested at a small scale in the case of litter fires (Morvan et al, 2018), as well as at a larger scale in
the case of grassland fires (Frangieh et al, 2018) that have been extensively studied experimentally
(Cheney et al, 1998). In this study, the fire-front dynamics and spread through a homogeneous
grassland is analyzed, for different wind speeds, in terms of rate of fire spread, fire intensity, and
characteristic-wavelength of the fire-front structures. The results are compared with data collected
during experimental campaigns and predictions from semi-empirical and physical models.

2. Modeling and Numerical Method

The mathematical model is based on a multiphase formulation, it consists in a first step of averaging
the conservation equations (mass, momentum, energy ...) governing the behavior of the coupled
system formed by the vegetation and the surrounding atmosphere inside elementary control volumes
including both the solid phase (the vegetation) and the gaseous phase. This results in the introduction
of source/sink terms on the right hand side of the equations, representing the contributions of the
interaction terms (exchanges of mass, drag, heat flux ...) between the gaseous phase and the
vegetation. The details of the model have been widely presented in previous publications, we invite
the reader to consult Grishin and Albini, 1997, and Morvan et al, 2009, for more information.

The model consists of two parts that are solved on two distinct grids. The first part consists of the
equations of a reacting turbulent flow in the gaseous phase composed as a mixture of fresh air with the
gaseous products resulting from pyrolysis and combustion. The second part consists of the equations
governing the state and the composition of the solid phase.

The gaseous phase model consists in the conservation equations of mass, momentum, energy, and
chemical species (O2, N2, CO, CO», and H20) filtered using either a LES approach (Sagaut, 2006) or
an Unsteady RANS approach (URANS) with Favre average formulation (Cox, 1995). Both approaches
are available, but the LES model was used in this study. The closure of the averaged conservation
equations is based on the concept of eddy viscosity (Sagaut, 2006) obtained from an evaluation of the
turbulent kinetic energy. The temperature dependence of the gas-mixture enthalpy is based on
CHEMKIN thermodynamic tables (Kee et al, 1992). A combustion model based on Eddy Dissipation
Concept (EDC) (Cox, 1995) is used to evaluate the combustion rate occurring in the gaseous phase.
Finally, the field of soot volume-fraction in the gas mixture is calculated by solving a transport
equation including a thermophoretic contribution in the convective term and taking into consideration
soot oxidation (Syed et al, 1991).

During the thermal degradation of the solid phase, the composition of the fuel particles representing
the vegetation is represented as a mixture of dry material (generic term for a mixing of cellulose,
hemicellulose, and lignin), charcoal, moisture, and residual ashes. For each solid particle, the model
consists in the conservation equations of the mass fractions of water, of dry material, of charcoal, as
well as of the total mass of the solid particle, its volume fraction and its temperature (Grishin and
Albini, 1997, Morvan, 2015, Morvan et al, 2018). The degradation of the vegetation is governed by
three temperature-dependent mechanisms: drying, pyrolysis, and charcoal combustion. The pyrolysis
process starts once the drying process is completed and charcoal combustion starts once the pyrolysis
process is achieved.

The interaction between the gaseous phase and the solid one obtained through coupling terms that
appear in both parts of the model. The coupling in the momentum and turbulence equations is obtained
by adding aerodynamic drag terms (Morvan et al, 2018) that include a drag coefficient (evaluated
empirically, equal to 0.15 in the present study) multiplied by a reference surface, defined as the Leaf
Area Density (LAD). Heat transfer between the gas mixture and the solid fuel is based on empirical
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correlations for convective transfer (Incropera and DeWitt, 1996), and on the resolution of the radiative
transfer equation (Modest, 2003) that accounts for the presence of soot in the flaming zone and for the
presence of hot particles in the vegetation layer (embers) (Grishin and Albini, 1997). Finally, mass
transfer from the solid phase to the gaseous phase is obtained by adding source/sink terms in the mass
conservation equations of both phases.

The Radiative Transport Equation (RTE) is solved using a Discrete Ordinate Method (DOM),
consisting in solving the radiation-intensity equation in a finite number of directions (Modest, 2003).
This set of discrete contributions is then integrated using a numerical Gaussian quadrature rule (a S8
method is used here) for the calculation of the total irradiance. The radiative transfer equation accounts
for gas-soot mixture absorption of radiative intensity depending on the amounts of combustion
products (CO2 and H20), on the gas mixture temperature, and of the soot volume fraction (Kaplan et
al, 1994).

3. Grassland Fire Configuration

To reproduce the conditions similar to those encountered in the case of a quasi-infinite fire front
and to avoid the border effects induced by a finite-length ignition line on the fire behavior (Cheney
and Gould, 1995, Linn et al, 2012), the numerical simulations were carried out using periodic boundary
conditions along the two lateral sides of the computational domain (Canfield et al, 2014), as shown in
Fig. 1. The length L of the computational domain was increased with the wind speed from 120 m up
to 600 m in order to reach a steady rate of spread, while the fire front is still far enough from the end
of the domain. The homogeneous vegetation layer is located at 20 m from the domain inlet and has the
following main properties (Linn and Cunningham, 2005, Morvan et al, 2009): vegetation height
5= 0.7 m, volume-fraction « = 0.002, surface-to-volume ratio &= 4000 m™*, moisture content M =
5%, dry material density p =500 kg.m, solid-fuel particles are assumed to have cylindrical shape and
to behave as a black body. The simulations were carried out for seven values of the 10-m open wind
speed: 1, 3, 5, 8, 10, 12, and 16 m/s. These velocities were measured at the domain inlet, 10 m above
ground.

For all wind speeds, the same mesh size was used in the y-z plane: for the solid phase a uniform
grid with (4y, A4z) = (0.25 m, 0.035 m) was used, while for the fluid phase a uniform grid with (Ay,
Az) = (0.5 m, 0.07 m) was used within the vegetation before being gradually coarsened in the vertical
direction. Both the solid-phase grid and the fluid-phase one were characterized by cells sizes below
the extinction length scale (Morvan et al, 2009) within the vegetation given by 4/ ac and equal to 0.5
m in our case. This value is not to be exceeded in order to avoid fire extinction, especially in the case
radiation-dominated fire propagation (i.e. when the wind speed is low). A uniform mesh was used in
the x direction but its size was increased with the wind speed: for the solid phase, the mesh size varied
from Ax = 0.25 m for U =1 m.s? up to Ax = 0.5 m for U = 16 m.s™%, the mesh size of the fluid phase
was twice that of the solid one.

Before activating the burner, the hydrodynamic module of the code was run long enough until
reaching a statistically quasi-steady state. During this purely dynamic phase, homogeneous Neumann
boundary conditions were imposed at the top, inlet, and outlet boundaries of the computational domain
for all primary variables of the problem except for y and z-velocity components that were set to zero.
In addition, a negative pressure gradient is applied in the wind direction (Ox); this pressure gradient
was automatically adjusted during this dynamic phase to obtain the desired 10-m open wind speed.
This procedure allowed collecting the turbulent fields at the open boundaries, and these fields were
then used during the burning phase, in particular for the management of the entering turbulent fluxes.
Once the flow had reached a statistically-steady state, the burner was activated along an ignition line
by injecting CO gas at 1600 K in the burning zone from the bottom boundary of the domain. The
burner was activated during 25 s (at most) or until the consumption of a solid-fuel mass equal to that
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available above the burning area (i.e. contained in a volume of 2x100x8& m3). More details about the
ignition procedure are given in (Frangieh et al, 2018).

Figure 1 - Perspective view showing the dimensions of the computational domain and of the vegetation cover, the
ignition line is 2 m wide.

The results presented in this study were obtained using a variable time step strategy based on the
truncation-error control, with time step values varying between 0.001 s and 0.01 s. At each time step,
the solution is assumed to be obtained when the residuals of all conservation equations had reached
10* in normalized form. As a rough estimation of the computational cost, the simulation of 1s of fire
propagation required about 7h of CPU time on a 24-cores node.

4. Numerical Results

The description of the results is limited to local three-dimensionality of quasi-infinite grassland fire
and its effect on fire line propagation with a specific focus on rate of spread, fire intensity, fire regime,
and characteristic-wavelength of the fire-front structures for different wind speeds.

To understand the effect of the wind speed on the flame structure and more generally on the
dynamics of fire, 3D views of the fire propagation obtained for Ui = 1 m/s and 10 m/s are shown in
Fig. 2. For a small value of the wind speed (Ui = 1 m/s), the flame plumes rise is not noticeably
affected by the action of the cross wind. In this case the fire front can be assimilated to an obstacle,
and the air flow is deflected vertically by the plume. On the other hand, figure 2 shows how larger
value of wind speed (U1 = 10 m/s) affects more significantly the rise of the flame plumes by crossing
the fire front and pushing the hot gases toward the unburned vegetation. We can also notice that the
wind speed increases significantly the depth of the fire front.

Figure 2 - 3D view of an isovalue surface of the soot volume fraction (10°) colored by the gas temperature (in yellow)
and an isovalue surface of the water mass fraction (10-%) (in grey with 50% of transparency) for U0 = 1 m/s (top) and
Uio = 10 m/s (bottom), showing the effect of wind speed on the fire dynamics.

These phenomena are further illustrated by Fig. 3, where we notice that for a low wind speed, fresh
air is aspirated from the vicinity of the fire front supplying the thermal plume; this regime is often
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referred to as “plume dominated fires”. These results highlight the capability of the code to reproduce
the backflow generated by the fire front on the leeward direction. For stronger wind conditions, the
structure of the air flow is less affected by the fire front as shown in Fig. 3 (bottom), and this effect is
limited to the local acceleration of the flow (resulting from a local expansion of the gas) in the plume;
this regime is often referred to as “wind-driven fires”. The streamlines show clearly the possibility for
the inlet air flow to cross the fire front that must be structured vertically in peaks and troughs (Beer,
1991). The reproduction of this configuration is not possible in 2D, because in 2D the fire front
represents a uniform thermal barrier.

The effect of the wind speed on the flow structures is shown in Fig. 4 through the Q-criterion. This
invariant of velocity gradient tensor represents the balance between the rotation and strain rates and is
an appropriate tool for the visualization of coherent structures in a turbulent flow (Hunt et al, 1988).
Figure 4 clearly shows that the assumption of a homogeneous plane made for the fire front in the
radiant panel theory is not valid, the fire front is structured as a succession of peaks and troughs
allowing for the air flow to find a way across it (Beer, 1991). This heterogeneity of the flame and the
flow structure along the transverse direction, which is a great demonstration of 3D effects in a fire,
affects a lot the propagation of the fire, as it has been clearly demonstrated experimentally at small
scale (Finney et al, 2015) and numerically at larger scale (Linn et al, 2012).
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Figure 3 - Temperature field and streamlines of the gaseous phase, obtained in the vertical median plane (y =
70m) for Ui = 1 m/s (top) and Ui = 10 m/s (bottom), corresponding to the 3D fields shown in Fig. 2.
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Figure 4 - Flow structure in a grassland fire for Ui = 1 m/s (top) and Uio = 10 m/s (bottom), shown using an isovalue
surface of the Q criterion (Q = 1 s) colored by the vertical component w of the velocity field, corresponding to the
results shown in Figs. 2 and 3.

The Rate of Spread (ROS) of fire was estimated from the time derivative of the average position of
the pyrolysis front at the surface of the vegetation cover, and shown in Fig. 5 versus with the 10-m
open wind speed. The experimental data shown in Fig. 5 were obtained from Cheney and Gould, 1995,
and Cheney et al, 1998, for different lengths w of the ignition line. These experimental studies show
that the ROS increases with w, as found by FIRETEC model predictions (16 m and 100 m) (Linn and
Cunningham, 2005), before reaching an asymptotic value for w > 200 m. The relatively large
dispersion of the experimental measurements can result from the unsteadiness nature of the wind flow
(Morvan, 2014). On the other hand, the reported experimental data for Uio > 8 m/s (Cheney et al, 1998)
were estimated from measurements recorded during real wildfires with significantly large fire front,
but for which wind speed and vegetation characteristics are not under control as in experimental fires.
For low to moderate U1o values (up to 6 m/s), FireStar3D results compare well with experimental data
and with other predictions, and we can observe a quasi-linear evolution of the ROS. For Ui > 8 m/s,
the results are consistent with the predictions of other models (FIRETEC and WFDS) and with the
experiments, despite the relative dispersion of the experimental measurements which prevents a
significant comparison.
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Figure 5 - Rate of fire spread (ROS) through a uniform grassland obtained for different 10-m open wind speeds. The

results of FireStar3D are compared to those obtained experimentally by Cheney and Gould, 1995, and by Cheney et

al, 1998, using the empirical model MK5 (McArthur, 1967), the semi-empirical model BEHAVE (Rothermel, 1972),

3D numerical models FIRETEC (Linn and Cunningham, 2005) and WFDS (Mell et al, 2007), and the 2D numerical
model FireStar2D (Morvan et al, 2009).

The fireline intensity Isyr (Byram’s intensity) can be evaluated from Isyr = mxAHxROS (Byram,
1959), where m = apd is the fuel load (equal to 0.7 kg/m? for the present study), and AH is the heat
yield of the fuel. To avoid the uncertainty on the value of AH, the heat release rate HRR given by Eq.
1 was computed, where avap, @pyr, @xnhar, @co and axoot are respectivelly the total mass rates of water
evaporation, pyrolysis, char combustion, combustion of CO in the gas mixture, and soot combustion,
and AHvap, AHpyr, AHchar, AHco and AHsoot are the corresponding specific heats.

HRR = —, 5 AH g — 0 AH o+ O AH g0 + 00 AH o + 0,000 AH €

char char soot

Note that AHchar iS Not constant, it depends on the proportion of CO to CO, produced during
charcoal combustion (Morvan et al, 2018), it varies between 9 MJ/kg (for an incomplete combustion)
and 30 MJ/kg (for a complete combustion).

The fireline intensity is then obtained from | = HRRss/w, where HRRss is the average value of the
heat release rate obtained at steady state and w = 100 m is the fireline width. As shown by Fig. 6, the
present numerical results are compared with the predictions obtained using the operational models
MKS5 and BEHAVE and the predictions of the 2D numerical model FireStar2D; we have also reported
some evaluations extracted from direct observations of prescribed and wildland fires on the field
(Alexander and Fogarty, 2002). The transition between a high and a very high fire danger index
corresponds to a fire intensity of 6 MW/m. Almost all the results obtained using the present model
(except Ugo = 1 m/s) are located above this threshold value, which means that, even if the wind speed
remains quite moderate, the fire can exhibit a very dangerous behavior because the fuel moisture
content is very low (5%).
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Figure 6 - Fireline intensity for fire propagation through a uniform grassland obtained for different 10-m open wind
speeds. The results of FireStar3D are compared to those obtained experimentally by Alexander and Fogarty, 2002,
using the empirical model MK5 (McArthur, 1967), the semi-empirical model BEHAVE (Rothermel, 1972), and the 2D
numerical model FireStar2D (Morvan et al, 2009).

Finally, the heterogeneity of the fire front and its structuration as a succession of peaks and troughs
is characterized by determining (using direct Fourier transform) the dominant wavelength of the
temperature profile obtained along the transverse direction, 2 m above the fire front. This operation is
performed during steady-state fire propagation and with a time interval of 1 s. The wavelength A
characterizing the fire front heterogeneity is then determined as the average value of the wavelengths
obtained at different times. Froude’s number based on the characteristic wave length A, given by Eqgs.
2 where g is Earth gravity, is plotted in Fig. 7 versus Byram’s convective number Nc defined as the
ratio between the buoyancy force and the inertial force due to the wind (Nelson, 2015) and given also
by Eqgs. 2, where pp and Cpo are the density and the specific heat of ambient air at temperature To = 300
K.

g4 NC = PoCrolo (Ulo —RGS )3
(Ulo - ROS)2 2gl

Large values of Byram’s number are normally obtained in plume dominated fires, whereas small
values of Byram’s number are obtained in wind driven fires (Nelson, 2015). Figure 7 also shows the
experimental results obtained by Finney et al, 2013, at laboratory scale in the case of flame spread in
engineered cardboard fuelbeds; to our knowledge, these are the only available experimental data about
the 3D structuration of the fire front. It was foreseeable to find that Froude’s and Byram’s numbers
were well correlated with a certain exponent (equal here to 0.633 for the experimental data), since they
both compare the ratio between the buoyant forces and the inertial forces. It was however interesting
is to find that the correlations are almost the same at a small scale (experimental data) and at large
scale (numerical results).

Fr= (@)
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Figure 7 - Froude number based on the wavelength characterizing the fire front structure versus Byram’s convective

number. The results of FireStar3D obtained in the case of grassland fire are compared to those obtained
experimentally at laboratory scale by Finney et al, 2013.

5. Conclusions

This study reported LES of fire spread of a quasi-infinite width fireline (obtained using periodic
conditions at the lateral boundaries) through a homogeneous grassland. The results were obtained
using a new 3D Computational Fluid Dynamic code based on a fully-physical multiphase model —
FireStar3D. The simulated Rate Of Spread of fire (ROS) and fire intensity were in good agreement
with the data of the experimental campaign, with the predictions of operational empirical models (such
as MKS5 and BEHAVE), and with the numerical results of other 3D physical models (FIRETEC and
WEFDS). The simulations highlighted the effects of the wind speed on the ROS and on the intensity of
fire, as well as the competition between the buoyant forces of the thermal plumes and the inertial forces
of the wind. This competition is at the origin of the structuration of the fire front as a succession of
peaks and troughs. Results also showed that the correlation between Froude’s number (based on the
fire-front structures characteristic-wavelength) and Byram’s number is the same at small scale (litter
fires) and at large scale (grassland fires). Many other fundamental aspects of the wildfire dynamic are
not well understood, such as the role played by the field slope (and the competition between the wind
and the slope when their directions are not aligned), the impact of the fuel moisture content (its
threshold effect in the burn/no burn process, the linear or exponential decay of the rate of spread) ...
In complement to experimental investigations, detailed physical models (such as FireStar3D) could be
good tools for the understanding of the basic physical processes governing the behavior of wildfires.
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