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Abstract

When a wildland fire occurs the domain geometry is a key parameter in governing the way
the fire spreads across the terrain. The effect of this variable on the rate of flames propagation
was investigated in this work by means of a computational fluid dynamics software
specifically designed to simulate fires in wildland environment. The physics-based model -
i.e. relied on the laws of conservation of momentum, energy and mass — was adopted under
two different domain configurations (double-slope domains and canyon); the capability of the
computational code to correctly predict the fire behaviour was verified by comparison with
results of experimental tests available in the literature.

1. Introduction

Mathematical simulation of wildland fires is a very complex task. The rate of spread and the
shape of forest fire fronts have been studied by many researchers [1, 2, ,3, 4; 5] who noticed
that they are affected by many factors such as fuel type and its moisture content, wind
velocity, forest topography, fuel distribution. The formulated models used for fire modelling
are usually classified into empirical models, which are based primary on statistics collected
by observations of experimental or historical fires; physical models based on physical
principles of fluid dynamic and laws of conservation of energy and mass; semi empirical
models, based on physical laws, but enhanced with some empirical factors.

Although the last approach may appear reasonable to consider being a good compromise
between the first two, it is not always able to give good predictions of the behaviour of
wildfires in particular situations, such as for heterogeneous vegetations, for crown fires or
when slope and wind effects are combined [6]. Therefore, considering also the always-
growing improvements offered by computer potentiality, fully physical approach received
great interest in this last decade [7, 8, 9, 10, 11] and models able to consider strong
interactions between phenomena in the gaseous phase - such as the turbulence in the lower
part of the atmospheric boundary layer, chemical reactions and radiation heat transfer in the
flaming zone - started to be considered. However, even if this new approach is based on the
resolution of well known balance equations (mass, momentum, energy) governing the
evolution of the state of the vegetation and of the surrounding atmosphere, due to the coupling
of non-linear phenomena, the development of such models remains very complex and the
numerical results need to be validated by comparisons with experimental data. Moreover, in
contrast with empirical models, which application is limited to systems and to operating
conditions for which the model is generated, complete physical models do not have this
limitation: they can be adopted in different geometries and for different boundary conditions,
but requires input data to be accurate.

The effect of geometry on flame propagation was investigated by many authors who
focused their attention especially on flame moving on flat or sloped surfaces under calm and
windy conditions [11, 12, 13, 14, 15, 16]: in these cases the fire spreading rate results
substantially constant when the main parameters governing the phenomenon (domain
inclination, vegetation and meteorology) remain unchanged. However, recent works [17, 18]



showed that such a condition is not true when particular geometric configurations are
considered (i.e. valley, canyon): even in absence of wind, the fire rate of spread may become
not constant in the time nor uniform in the space making the actual fire propagation rate more
complex to identify and less predictable. This work aimed at investigating the ability of a
physics-based model to adequately simulate experimental results and to correctly reproduce
the way fire spreads across two different terrain configurations (double-slope domains and
canyon) in the absence of wind; this was accomplished by comparing the results of the model
simulations with findings from experimental tests available in the literature [17, 18]. In the
simulations, the vegetative fuel is arranged in beds of different inclinations and fire
propagates across them according to terrain inclination and shape The combined contribution
of these two parameters determines the position of the flame with respect to the fuel: an
abrupt change in slope makes the rate of flame propagation dependent also on the fire
evolution history, while a canyon configuration induces a transient rate of spread whose
duration cannot be defined a priori.

2. Mathematical model

WEFDS is the mathematical code used to perform fire simulations. It is a physics-based code
developed by NIST (National Institute of Standard and Technology) as an extension of an
already existing software for the simulation of fire propagation in enclosures (FDS). WFDS is
a modified version of FDS able to perform simulations in forest-like environment, but build
on the same mathematical architecture of FDS. The main references for this code are from
Hinze [19], who described the equations and in-depth theory behind turbulence, McGrattan et
al. [20], who provided the actual equations used in FDS and Cox [21], who presented the
derivations and basic concepts for the conservation equations and turbulence modelling. A
comprehensive discussion of the FDS code will not be provided in this paper, but only a brief
overview of the model will be presented.

FDS solves the Navier-Stokes equations in the case of low Mach numbers [22]. This
simplified form is achieved by filtering out acoustic waves allowing for large variations in
density and temperature but only small changes in pressure, which are typical of fire
scenarios. As described in McGrattan et al. [20], the governing equations, before to apply the
simplifications consistent with the low Mach number assumption, are the balances for mass,
species, momentum and energy.
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In the equations (1) and (2) mbzzam,,a is the production rate of species by

evaporating droplets or particles. Summing the equation (2) over all species, yields the
original mass conservation equation, being ZYa =1,Zn’¢; =0 and Zmba:m,, by



definition, and because it is assumed that Z pD, VY, =0. These transport equations are

solved for total mass and all but one of the species, implying that the diffusion coefficient of
the implicit species is chosen so that the sum of all the diffusive fluxes is zero. In the equation
(3) the forces in the second half of the expression include gravity ( g ), an external drag force

vector (]7) [10] and a measure of the viscous stress (7 ) acting on the fluid within the control
volume. Of these three forces, gravity is the most important because it represents the
influence of buoyancy on the flow. In the equation (4), ¢ is the heat release rate per unit

volume from a chemical reaction, ¢, is the energy transferred to the evaporating droplets, q,

is the radiative heat flux, ¢ is the dissipation rate, & is the thermal conductivity and D, is the
diffusion coefficient.

The equation of state used for problem closure is the ideal gas law with a term added to
account for the atmospheric density gradient and a flow induced perturbation pressure term.
The mode of simulation in FDS depends on the grid resolution: Large Eddy Simulation (LES)
and Direct Numerical Simulation (DNS). For the LES approach to fire modelling, where the
grid resolution is not fine enough to capture all the relevant mixing processes, the sub-grid
analysis of Smagorinsky is used to model the viscosity [20].

For modelling the burning of solid phases, several parameters must be included in the
code, such as surface/volume ratio, moisture content, char fraction and bulk density. WFDS
assumes a two-stage endothermic thermal decomposition (water evaporation and, then, solid
fuel pyrolysis). It uses the temperature dependent mass loss rate expression of Morvan and
Dupuy [11] to model the solid fuel degradation and assumes that pyrolysis occurs at 127°C.
Solid fuel is represented as a series of layers that are consumed from the top down until the
solid mass reaches a predetermined char fraction at which point the fuel is considered
consumed.

For gas-phase combustion LES calculation refers to the turbulent mixing of combustion
gases with the surrounding atmosphere assuming that the mixing controls combustion and all
species of interest can be represented by a single variable known as the mixture fraction (2). Z
is derived from a linear combination of fuel and oxygen mass transport equations and
represents the fraction of fuel/oxygen in a given point. In any case, it is a quantity that
satisfies the conservation equation. The mass fractions of all of the major reactants and
products can be deduced from the mixture fraction by means of expressions obtained by a
combination of simplified analysis and measurement.

3. Mesh sensitivity

The different phenomena involved in forest fire modelling cover an extremely variety of
length and time scales, making almost impossible the definition of a single set of scaling
parameters. The most classic attempts for scaling are associated with pool fires, entrainment
and compartment fires, reviewed to a great extent by Zukoski [23]. The main parameter from
Zukoski’s analysis is
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Where O is the energy release rate issued from the combustion process and p,,, C, and
T are the ambient air density, specific heat and temperature, respectively. g is the gravity

vector and D is the diameter or characteristic length scale of the fire. O* represents the ratio
between the energy provided by the combustion reaction and the energy associated with the



induced buoyant flow. The relation between D and the buoyantly induced velocity (us) is
defined as u; =+/gD with the assumption that the pool diameter is the characteristic length

scale of the problem. A different approach consists in considering O* equal to one and extract
the characteristic length scale (D) from Equation (5):
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The length scale D can then be successfully used to scale the characteristic flame diameter
at the axis of a pool fire, but it implies that motion is purely dominated by buoyancy.
Therefore, it is limited when either fuel injection velocity (jets), geometry (confinement) or
length scale (flow instabilities) introduce other driving forces to the problem. For the
simulations considered in this work the mesh resolution was set by the dimensionless ratio D/
Ox [24]. The quantity D/d, can be considered as the number of computational cells spanning
the characteristic diameter of the fire; values for D/d,, useful to get a good resolution of the
calculation, ranges from 4 to 16. A value of about 16 of such a ratio was chosen for the
canyon simulations implying a maximum mesh size of 0.03 m. In the double-slope domains
simulations, instead, the D/d,, ratio was set to about 9 giving a maximum mesh size of 0.05 m:
in this case, a further grid refinement up to 0.025 m caused much longer computational times
but only small variations in the measured rate of spread (<10%).

4. Effect of slope changing on fire propagation

The study of the effect of the terrain slope on the fire propagation rate was already
accomplished by the present authors [12]. Results of simulations showed that flames
propagate on an inclined surface with a practically constant rate of spread (ROS) and that the
ROS increases as the terrain inclination increases. Slope and wind affected the rate of spread
in a similar way: however, the ROS had a power-law dependency on wind velocity, while it
was almost linearly dependent on the inclination of the domain.

To extend the previous cases to a more complex situation, a double-slope plane geometry
was considered in this study in order to analyze the behaviour of a fire front when it moves on
a surface which undergoes a sudden variation in the inclination. To validate the capability of
WEFDS to simulate the fire propagation in such a condition, simulations have been compared
with experimental results obtained by Viegas et al. [17] with a dihedral plane; the
configuration, used in the experiments and reproduced in the simulations, of the two planes
forming a double-slope surface is shown in Figure 1.

Figure 1. Double-slope plane Figure 2: Dihedral plane during a fire
configuration. test [17]



The actual dihedral table (4m x 4m each plane) used in the experiments is shown in
Figure 2. It can form a ridge, a plane slope of constant inclination or a valley that, as the
ridge, can be either symmetric or asymmetric. In the fire tests performed by Viegas et al. [17],
a load of 0.6 kg/m” of straw, having an average moisture content of 6%, was used as
vegetative fuel. These data were used in the model while the physical properties of the fuel
were deduced from elsewhere [25]. In particular, it was assumed a bulk density of 6 kg/m’
implying a 10 cm thick fuel bed. In the experimental tests, to ignite the straw a line fire was
lighted at the edge of the plane b (Figure 1) using a wool thread soaked in a mixture of diesel
and petrol fuels, in a 3 to 1 proportion, to assure a practically instantaneous linear ignition. In
the simulations a linear 15 cm wide ignition source at the edge of the plane b (Figure 1) was
considered: maximum heat flux release rate associated to the ignition source was set to 1000
kW/m?. In order to study the variation of ROS on the plane a due the changing of the angle P,
in the experimental tests a had a fixed value (30°), while B was varied in the range from -40°
to +40°. Negative angles for the plane b correspond to a valley configuration.

The comparisons between the experimental and modelled results are shown in Figures 3
and 4. In particular, Figure 3 reports the rate of spread (ROSg) on the plane b evaluated as
linear distance run in the time by the fire front along the longitudinal axis of the plane; Figure
4 shows the variation in the rate of spread on the plane a (ROS,), which has a constant
inclination (30°), as a function of the slopes adopted in the preceding plane b. Figure 3 shows
a good agreement between the experimental and predicted values when a fuel load of 0.6
kg/m” was assumed. With a heavier vegetative load (1.2 kg/m?) the ROS had the same
behaviour for negative values of the b slope, while lower rates of spread with respect to the
previous case were found at zero and positive b plane inclinations. Figure 3 also shows that
the ROS increases at increasing slope. However, when the flames move downwards ($<0°)
both the predicted and the observed rate of spread yielded small variations (Figure 3): in these
cases the flames are tilted backward and are unable to pre-heat the unburnt fuel. As a result,
the experimental rate of spread at -40°<f<-10° exhibits an average constant value of about
0.01 m/s and predictions match this value.
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Figure 3. Comparison between the Figure 4. Comparison between the
experimental and simulated rate of experimental and simulated rate of
spread for flames moving on plane b spread for flames moving on plane a

The comparison between simulated and experimental results (Figure 4), assuming a 0.6



kg/m” fuel load, shows some differences for p<—30° and B>20°. Actually, experimental
results are quite scattered in the whole range of considered inclination angles but they seem to
suggest that the ROS, increases either as [} increases or as [} decreases with respect to the
value measured at 3 = 0. Instead, the values of ROS, derived from the simulations increase in
the range of B from —40° to 0° and are almost constant in the range 20°<B<40°.

In order to elucidate these findings in Figure 5 the predicted fire front shapes, represented
by the 300°C isotherms, are shown: the flame profiles are symmetrically represented with
respect to the longitudinal axis (y) and are depicted according to a top view considering an
orthographic projection on flat surface (x-y). They show an increasing distortion over time as
the fire travels along the combustion table, more pronounced at higher f values. It is also
evident how the sudden change of slope, when it occurs, produces a variation of the shape of
the fire perimeter.
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Figure 5. Evolution in time of the fire profiles. Red line marks the changing in slope
between the two faces forming the dihedral table. Time in seconds is reported for each profile.

The slope of the plane b strongly affects the way the plane a becomes ignited: for —20°<[3
<-40° the transverse flame profile is almost flat before entering the plane a while at
20°<B<40° a sort of point ignition source, originating in the centre of the edge of the plane a,
(point A in Figure 5) is produced. Due to the different B, the heat sources which ignited the
plane a are characterized by different shapes and intensities and, therefore, originate different
ROS,, as observed in Figure 4.

In Figure 6 the heat released by the fire before moving on the plane a is shown for f=—20°
and —40°: it can be seen how the energy generated when f is —20° is higher than when it is
—40°, explaining the lower ROS4 calculated in this latter case. Instead, when f3 is equal to 20°
or 40° (Figure 7) the ignition source originating on the centre of the edge of the plane a
(position A in Figure 5) generates nearly the same energy variation (about 14 kW/s) for about



10 seconds after the flame has reached the plane a. Therefore, in both cases a very similar
heat source ignited the plane a, justifying the same ROS4 (Figure 4). When =0° the result is
in between the two previous being the heat source induced on the plane a represented by a
line that ignites only the central part of plane.

It can be concluded that small variations in the shape of the flame before the plane
transition can have important consequences on ROS, hence, the discrepancies between the
experimental and simulated fire contours seem to justify the different value of rate of spread
on plane a found by simulations and experiments especially at very steep slopes.
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Figure 6. Heat Release Rate (HRR) vs. time  Figure 7. Heat Release Rate (HRR) vs. time
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5. Canyon simulation results

For the modelling of a fire developing in a canyon, a geometry built with two adjacent planes
(1.5 m x 3 m each) was considered. As shown in Figure 8, each plane was oriented in such a
way to form with the horizontal plane two angles (B and &) each equal to 40°. The physical
characteristics of the vegetative fuel (Pinus Pinaster needles) covering this surface were taken
from the works of Viegas and Pita [18] and Mell at al. [26].

Figure 8. Canyon Configuration (f=5=40°)

Pine needles were ignited in correspondence of the symmetry plane of the canyon by a
pseudo-punctual source (3.6¥10~ m?) at about 1 m from the lower external edge. Fuels having
different moisture content (MC) of 0.04, 0.08 and 0.13 on dry basis were considered in the



simulations; the maximum heat release rate associated to the ignition source was set equal to
500 kW/m® when the moisture contents were 0.04 and 0.08, and equal to 2000 kW/m” when
MC was 0.13. All the simulations were run in the absence of wind. In Figure 9 a qualitative
comparison between the simulation and experimental [18] results, obtained with a vegetative
fuel having MC=0.13, is shown. Figure 9 shows that there are differences between the
evolution in the time of the shape of the fire fronts calculated by WFDS and that determined
by visual observations and reported in the literature [18]. Specifically, WFDS yields a fire
perimeter with an “U” profile, while a “V” shape can be observed from the pictures.
However, such a difference could be due to the limitation to display data generated by the
computational code. Indeed, the fire shape was obtained from the simulation results
considering only the heat released by the burning fuel, i.e. neglecting the visible light
radiation present in the actual combustion phenomenon.

23s 43 s 69 s

78 s 107 s 124 s

Figure 9. Comparison between experimental and simulation results (MC=0.13). Dotted lines,
in snapshots at 78, 107 and 124 seconds, evidence the different fire contours between the
experimental and simulation results.

A more quantitative comparison between the experimental and the simulation results is
presented in Figure 10 in terms of burned area growth versus time. In this case the burnt



areas, calculated from the isosurfaces of the heat release rate (20 kW/m’®) at ground level,
approximate quite well the experimental profile when MC= 0.13 and MC=0.08 (Figure 10).
Furthermore, it has to underline that in the work of Viegas and Pita [18] the number of
available parameters for defining the vegetative fuel characteristics was limited and, therefore,
further information about the fuel characteristics required by the software were taken from a
different reference [26].

Besides the results above, Figure 10 shows other two features of the system investigated.
The first is the effect of fuel moisture content on the calculated ROS. Indeed, the Figure
indicates that the fuel humidity level heavily influences the ROS. Therefore, the lack of
accurate information on the values of parameters employed in the experiment could give rise
to large differences between modelling and experimental results. The second is that the fire
propagation rate has a not linear trend versus time. This can be also appreciated from Table 2
where the parameters of the exponential curve fitting the burnt area values and shown in
Figure 10 are reported.

Burnt area (m?)

20 40 60 80 100 120
time (s)

©MC0.04 ©MCO0.08 AMCO0.13 @ Viegas [18]

Figure 10. Comparison of burnt area growth in canyon configuration between the
experimental tests and the simulated results at different moisture contents. Exponential
fitting curves are represented by solid lines.

Table 2: Parameters for the fitting curves in figure 7

Fitting equation: Area = a-e”’ (Area[=]m® t[=]s)

a b R’
MC=0.04 0.062 0.0438 0.9572
MC=0.08 0.0497 0.0349 0.9868
MC=0.13 0.0802 0.0278 0.991

This finding agrees with the result of Viegas and Pita [ 18] who experimentally proved that
in this domain configuration the fire has a peculiar dynamic behaviour: the rate of spread
increases continuously, even in the absence of wind, causing the well known phenomenon of
blow-up associated with real canyon fires.



The unreaching of steady state conditions for ROS in the case of canyons could be
explained considering that this particular geometrical configuration gives rise to an exposition
of the vegetal fuel to radiative and convective heat anticipated with respect to the arrival of
the front flame. Such an exposition warms and dries the vegetal fuel and, when the flame
front reach it, the fuel is ready to burn generating much more energy with respect to the case
where part of the generated power is spent to warm and evaporate water. This lead to an
increase of the rate of combustion and, then, of the rate of spread. This interpretation agrees
with suggestions from the literature [27] and is also supported by the results of net power
generated by the burning system in the time reported in Figure 11. In this Figure the net
power coming out from the calculation domain, in the cases of three different MC of the fuel,
is reported as a function of the time. As expected, the absolute value of the net HRR
decreases at increasing fuel moisture content because, for a given load, an higher MC reduces
the amount of fuel available for burning and, correspondingly, increases the quantity of water
to be evaporated. The particular form of the curve pertaining to MC 0.04 is due to the rapid
consumption of the flammable material. From the Figure it is evident, however, that
whatever the MC, the trend of the net power generated increases more than linearly in the
time reflecting the trend already observed for the burned area (Figure 10). The peculiarity of
results in Figure 11 can be appreciated when they are compared with the same quantities
obtained in the case of flat terrains. In this latter case, as reported in a previous work [12],
apart from a short initial transient the net power coming out from the domain is practically
constant.

Obviously, the total balance between the energy that can be generated by the fuel and the
energy necessary to warm up and dry the fuel and the terrain must be the same whatever the
terrain slope. This implies that initially the net power generated by the burning of a canyon
area is much lower than that pertaining to a flat terrain. On the basis of the above
considerations it must be concluded that also the time becomes an important factor in
describing the fire behaviour and its role must be considered along with the topography,
vegetation and meteorological parameters.
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6. Conclusions

The ensemble of the results clearly showed that the physics-based model and code WFDS,
specifically designed to simulate the wildfire behaviour, is an effective tool to study the way
the flames spread across different kinds of terrains.

The results obtained for the double-inclination domain showed that the fire spreading rate
is dependent not only of the fuel bed properties and the terrain slope but also of the boundary
conditions, namely, the fire spread properties at the edge of the given fuel bed. Specifically,
changes in the inclination of a terrain b preceding a further terrain a, whose inclination is
constant, produce ignition sources on the terrain a having different shapes and energies,
giving rise, then, to different ROS,. The agreement between experimental and simulated
results was satisfactory but failed partially when considering high Bs (both positive and
negative).

The dynamic behaviour of the fire was also analyzed. In particular, in the canyon
configuration it was observed that the fire growth is relatively slow at the beginning, and then
increases very rapidly and the time lag for this transition depends on the moisture content and
on the fuel properties.
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