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Abstract

The unsteadiness coming from thermo-convective and shear instabilities or from the time variations of the
external conditions affecting the fire (wind gusts for example), affecting the propagation of a surface fire, has
been studied numerically using a multiphase approach. Two regimes of propagation (plume dominated and
plume driven) have been identified, governed by two forces: the buoyancy resulting from the density gradient
inside and outside the plume and the inertia of the wind. The degree of non-linearity associated with these two
physical mechanisms, can explain the magnitude of unsteadiness of the fire behaviour. It participates also of the
impact (sometimes linear and sometimes strongly non-linear) of the impact of wind conditions upon the fire
spread. For weak wind conditions (exhibiting potentially a more non linear behaviour), a sinusoidal time
variation of the wind speed has been tested with five frequencies (0.25, 0.5, 1, 2 and 3 Hz) nearly equal to the
frequency (1.4 Hz) characterizing the thermo-convective instability (in assimilating the fire front as a pool fire)
and to the shear instability (0.26 Hz).

Keywords: surface fire, multiphase model, wind/fire interaction

1. Introduction

With ambient temperature and relative air humidity, the wind is certainly one of the most important
weather parameter affecting the conditions of ignition and propagation of wildland fires. Various
experimental studies carried out at small scale in a wind tunnel and at large scale on the field, have
highlighted a power law relationship (ROS~Uw?) between the rate of spread (ROS) of a surface fire
and the wind velocity (Uw) [1, 2, 3, 4, 5]. The fact that the wind’s exponent B varies from 0.4 [3] to 2
[5], shows that this relationship is not fully understood. Direct observations of fires in grassland [6],
have highlighted that the curve representing the relation ROS versus Uw can be decomposed in three
zones: a linear zone (wind’s exponent B nearly equal to one), bounded by two non-linear zones for
weak (B>1) and strong (B<1) wind conditions. Because experimental fires must be conducted in safe
conditions, the range of variations of wind conditions cannot be extended sufficiently, to observe in
all cases, these changes of fire behaviour. Numerical simulations performed in shrubland, which are
not submitted to the same constraints, have been able to reproduce this kind of behaviour [7]. Analysis
of experimental results obtained in a fire wind-tunnel [8], seem indicating that sudden changes of slope
in the curve ROS vs Uw can be attributed to a change in the main mode of heat transfer (by convection
and radiation) between the flame and the solid fuel layer. It is well known that the relative importance
between these two mechanisms of heat transfer, is strongly affected by the view angle between the
flame and the unburned fuel and consequently by the trajectory of the flame (more or less vertical).
This trajectory is affected by two forces along two directions: vertically the buoyancy and horizontally
the inertial force of the wind. The relative importance of these two forces can be evaluated from a non
dimensional parameter, the Byram’s convective number [9]:

NC Zng

~ pC,T,(Uy, —ROS)’ €0.1)
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where g is the acceleration of gravitation, Ig is the fireline intensity, o, Cp, and To are the density, the
specific heat and the temperature of the ambient air.

From the value taken by this similitude parameter, two great regimes of fire propagation have been
identified:

e For Nc >> 1, the plume dominated fires, characterized by a flame trajectory more or
less vertical, a general trend of the air flow (near the fire) to be symmetrically aspirated
by the fire front,

e For Nc << 1, the wind driven fires, characterized by a flame horizontally sheared by the
wind flow, pushing hot gases toward the vegetation layer located ahead of the fire front,

The propagation of surface fires can be affected by unsteady phenomena coming from the fire itself
(internal fluctuations of the fire intensity) and from variations of external parameters such as time
variations of the wind velocity (gusts). Depending of the fire propagation regime (plume dominated or
wind driven) the consequences for the forecasting of fire behaviour are more or less significant.
Previous experimental observations have shown that the relationship between the fire rate of spread
and the wind velocity was not as straightforward (as a monotonous curve) in all wind conditions [10,
11].
It is in this general context, that the present study has been conducted, in focussing our attention on
the effects of these two sources of unsteadiness upon the behaviour of a surface fire in propagation
through a homogeneous fuel layer representative of grassland.

The study was based on numerical simulations, in using a multiphase formulation, details of the physical

and numerical models can be found in previously published articles [7, 9, 12, 13].
In the first part of the paper, unsteady signals of fireline intensity have been analyzed for various quasi
steady wind conditions (Uw) ranged between 1 and 25 m/s (10m open wind velocity). With these
values, the simulations covered a large range of conditions of propagation from plume dominated to
wind driven fires (Nc ranged nearly between 0.1 and 1000). Then the effects of a sinusoidal time
variation of the wind flow (representing wind gusts) have been explored for relatively moderated wind
conditions (Uw=2 m/s , AUw= +/- 1 m/s). In this case, four frequencies were tested 0.25, 0.5, 1, 2 and
3 Hz.

2. Physical multiphase model

The numerical simulation of the behaviour of wildland fires is very challenging and can be qualified
as a complex multi-scale and multi-physics problem. The main difficulty results from the wide spectral
band of length scales, associated to physical mechanisms governing the fire behaviour (atmospheric
turbulence, combustion, pyrolysis, radiation heat transfer ...) which are for most of them non-linear.
Even if we limit the description of the problem to the immediate neighbourhood of the fire front, a
large range of spatial scales are concerned: the turbulent integral length scale of the boundary layer
flow above the canopy (more or less equal to the height of the canopy, 0.7 m here), the corresponding
Kolmogorov micro-scale (< 1 mm), the length of extinction characterizing the vegetation layer (0.5 m
here), the flame thickness (~ 500 [Jm for a hydrocarbon flame) [9]. Of course, it is impossible to
explicitly take into account all these length scales, the effects of the smallest ones (Kolmogorov micro-
scale and flame thickness) must be reproduced using physical models [15]. In the same order of idea,
it is impossible to reproduce with all details, the structure of the vegetation layer. In place of
representing in details all the elements constituting the vegetation (foliage, twigs, trunk), an averaging
procedure has been introduced which consists in representing the vegetation as an equivalent sparse
porous media. This approach can be assimilated as a sort of homogenization step, is often referenced
in the literature as a multiphase formulation of forest fire modelling [7, 12, 14]. The main advantage
of this formulation is the possibility of taking into account all the terms of interaction between the gas
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phase and the vegetation, without the necessity of representing in detail the very complex interface
(fractal) between these two phases. The numerical simulations (2D) have been carried out in a
computational domain, 170 m long and 35 m high, inside which a 150 m long and 0.7 m high
homogeneous vegetation layer has been positioned (see Figure 1). The inlet wind flow has been
reproduced with a logarithmic velocity profile (Eq. 2) at the left end side of the domain (the constant
A was adjusted to ensure a known value of the wind velocity 10 m above the ground level), z0 = 0.01
m corresponding to a nude soil. A 20 m long nude zone (without any vegetation) has been built near
the entrance, to ensure the establishment of the boundary layer flow (see Figure 1).

Z+17
Uy (2)= Axumen{ : °] (Eq2)
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Figure 1. Computational domain and boundary conditions.

The vegetation layer (here a homogeneous grass) has been represented using the set of physical
properties from data collected on the field [16]. To guarantee an optimal accuracy, the simulations
have been performed using a dynamic adaptive mesh attached to the fire front (positioned from the
first pick of temperature inside the vegetation). The size of the grid mesh in the vicinity of the fire
front, has been adjusted to guarantee that the radiation heat transfer and the turbulent flow inside the
vegetation were correctly reproduced [9, 17].

Table 1. Solid fuel physical properties and external conditions imposed in the present numerical simulations
(Anderson 1982).

Solid fuel density (kg/m?) 500
Volume fraction x 103 2
Fuel moisture content (FMC) (%) 10
Fuel depth (m) 0.7
Fuel load (t/ha) 7
Surface area to volume ratio (m™) 4000
Length of extinction (m) 0.5
Leaf Area Index (LAI) 2.8
10m open wind velocity (m/s) 1-25

Plume dominated fires are supposed to be mainly governed by the buoyancy force resulting from the difference
of density between the external atmosphere and the hot gases inside the thermal plume. For this reason, the
behaviour of this kind of fire must present some similarities with pool fire. It is well known that the dynamic of
pool fires is governed by thermal-convective instabilities, marked by vertical oscillations of the flame height
and of the heat release rate, with a frequency fz related to the acceleration of gravity (g) and the diameter (Drire)
of the pool fire as following:
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1/2
f, =(O.5¢O.04)£LJ (Eq.3)
Fire
Wind driven fires are more affected by the inertia force of the wind, a consequence of that is that the dynamics
of the fire can potentially be affected by the shear layer instability (Kelvin-Helmholtz) resulting from the rapid
deceleration of the external flow due to the presence of the vegetation. For this reason, we have also introduced
in our analysis the characteristics frequency fkn associated with this instability along the steamwise direction:
0.15xU,,
ey = —h (Eq.4)

where U is the wind velocity at the top (Z = H) of the canopy.

Because the behaviour of surface fires can be affected by these two forces (the buoyancy and the inertia
of the wind), we have compared the frequencies extracted from the fast Fourier transform (FFT)
analysis of the fire intensity signals with these two characteristics frequencies.

3. Results and discussion

A first set of numerical simulations has been performed for a large range of wind velocity (from 1 to
25 m/s) in order to cover both, plume dominated and wind driven fires. The results shown in Figure 2
is a good illustration of the difference of interaction between the fire front and the surrounding
atmosphere, for weak (UW = 1 m/s) and strong (UW = 20 m/s) wind conditions. For weak wind
conditions, the trajectory of the flame was nearly vertical, promoting the development of a vertical
thermal plume forming an obstacle for the incoming wind which was not able to cross the fire front
(the same tendency has also been observed in 3D for the same wind conditions [21]). The burning zone
was fed in fresh air symmetrically on both side of the fire front (see Figure 2 on top).

300 400 500 600 700 SO0 900 1000 1100 1200 1300 1400
Tall grass Uy, = 1C = 10% \
5 -
< ——

U L \-‘- — 1
50 7 80 0
X (m)

300 400 500 600 700 SO0 900 1000 1100 1200 1300 1400

| Tall grass Uy, =20 m/s FMC = 10%
<L . . = - =
o - =) L 1 —‘\
s0 60 70 80 90
X (m)

Figure 2. Snapshot of the temperature field and gas flow (streamlines) calculated for two values of the wind velocity:
UW =1 and 20 m/s.
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We must underline that 2D simulations contribute to enforce this behaviour (in 3D the formation of
peaks and troughs along the fire front [8], allowed to reduce the role of barrier played by the fire front).
For strong wind conditions, the trajectory of the flame was significantly deviated by the wind flow
(see Figure 2 on bottom) and the incoming wind flow was able to cross the fire front, contributing to
transport hot gases from the burning zone toward the vegetation layer. As shown in Table 2, the action
of the wind flow upon the fire behaviour (in terms of rate of spread and fire intensity) cannot be reduced
to a monotonic curve, confirming the existence of multiple regimes of propagation. This kind of non
linear interaction between wind and fire has already be observed experimentally and reported in the
literature [10, 11, 12]. The signals of fire intensity obtained for the same wind conditions (UW =1 m/s
and 20 m/s) are shown in Figure 3 (see also Table 2).

Between 1 and 20 m/s, the rate of spread and the fire intensity, has increased by a factor 2.8 and 2.6
respectively. An other interesting information extracted from these fire intensity signals, is the ratio
between the standard deviation and the average value, which decreased from 0.28 to 0.18 (as the wind
speed increases from 1 to 20 m/s). This trend was confirmed for the whole range of variation of the
wind speed (see Figure 4), indicating that the relative level of unsteadiness of the fire behaviour was
more pronounced for plume dominated fires than for wind driven fires. The same kind non-linear effect
has already been observed experimentally [6] and numerically [7] for the relationship linked the rate
of spread and the wind velocity. It is already known that the behaviour of plume dominated fires is
more difficult to predict compared to fires piloted by a strong wind.
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Figure 3. Time history of fireline intensity for two values of wind velocity: UW = 1 (top) and 20 m/s (bottom).
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This difference of behaviour versus the wind velocity, results mainly from the dominant mechanism
of heat transfer between the flame and the vegetation. If the radiation heat transfer plays a major role
in the propagation of the fire, because this physical mechanism is intrinsically more non-linear
compared to convection heat transfer (because of the ¢T4 of the Stefan-Boltzmann law), it is not
surprising that this kind of surface fire can exhibited less predictable sudden changes [12].

Fast Fourier transform (FFT) of the fire intensity signal (see an example in Figure 5) has allowed
identifying the energy distribution on a frequency domain. As shown in Figure 5, for UW = 1 m/s, the
major contribution (maximum level of energy) was associated to a oto the frequency characterizing
the buoyancy instability (1.6 Hz) compared to the Kelvin-Helmholtz instability (0.1 Hz).
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Figure 5. FFT analysis of fireline intensity signal obtained for Uw =1 m/s.

In analysing the data in Table 2 and considering that the wind velocity promoted an increase of the
depth of the fire front (see Figure 2), consequently its effect upon the two frequencies associated to
the two forces (buoyancy and inertia) were symmetrically opposed: it decreased for the first one, and
it increased for the second one. Considering that the situation observed during the propagation of a
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surface fire differed from the two simplified models used for the analysis in frequencies (steady pool
fire and boundary layer canopy interaction), we can still conclude that, as the behaviour of the fire
moved from plume dominated fire to wind driven fire, the instability governing the fire intensity signal,
changed from a thermal-convective type instability to a shear type instability.

In order to study the response of a surface fire in propagation, we have performed a second set of
simulations, in adding a sinusoidal variation, in order to reproduce schematically wind gusts.

Z+1,
Z0
where AUw and F are respectively the amplitude and the frequency of wind variations. The present study has
been limited to one wind conditions Uw = 2 m/s and AUw = 1 m/s (the wind speed varied between 1 and 3 m/s),
the frequency F varied between 0.25 and 3 Hz. This wind condition (Uw = 2 m/s) has been chosen because it

represented a situation for which we have found (in quasi steady wind conditions) a relatively high value of the
variation of the rate of spread (ROS) versus Uy (see Table 2).

UX(Z):AXUWan[ ]+AUW sin(27x F xt)

Table 2. Wind speed, Rate of spread, Fire intensity (average value, standard deviation, frequency), Thermal-
convective and Kelvin-Helmholtz frequencies.

UW (m/s) 1 2 3 4 8 12 15 20 25
ROS (m/s) 046 084 106 118 124 123 110 128 251
IB (KW/m) 3798 6468 8179 9155 9604 9331 8602 9913 20098
<I'B2>1/2 1088 2090 1806 1683 2313 1311 1191 1856 738

(KW/m)

f (Hz) 23 34 42 48 50 50 55 55 55
fB (Hz) 16 14 12 11 09 08 07 06 05
fiKH (Hz) 01 02 04 05 32 11 16 20 26

The curve shown in Figure 6 is the time evolution of the fire intensity obtained with a sinusoidal
variation at a frequency of 0.25 Hz, in comparison we have also added the result obtained in quasi-
steady wind conditions.
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Figure 6 —Time evolution of the fireline intensity obtained for Uw = 2 m/s with and without a sinusoidal variation (F =
0.25 Hz).

This is for this frequency (0.25 Hz), nearly equal to the frequency characterizing the Kelvin-Helmholtz
instability (see Table 2) that we have obtained the maximum effect. We can notice that this relatively
small change in wind conditions, has promoted a huge modification of the behaviour of the fire. While
the maximum value observed in quasi-steady state varied from 7000 to 12000 kW/m, for a wind
velocity ranging between 1 and 3 m/s, the same value has increased up to 20000-25000 kW/m (the fire
intensity signal was modulated with a sinusoid at frequency of 0.21 Hz) in simply adding an unsteady
variation. We have also noticed that this sort of resonance mechanism decreased rapidly as the
excitation frequency exceeded this critical value, the maximum fire intensity observed with a
frequency F = 0.5 Hz reached 18000 kW/m and decreased to 10000 kW/m for F = 1 Hz (quasi identical
than the value observed in quasi steady wind conditions for Uw = 2 m/s).

The normalized spectra of the fire intensity signals shown in Figure 7, has confirmed this coupling
mechanism between the frequency at which the wind velocity was excited and the characteristic
frequency of the Kelvin-Helmhotz instability. The evolution of the fire intensity (average value and
standard deviation) as a function of the wind gusts frequency F is represented in Figure 8.
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Figure 7. FFT analysis of fireline intensity signal obtained for Uw = 2 m/s without (top) and with (bottom) a
sinusoidal time variation (amplitude 2 m/s, frequency 0.25 Hz).
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Figure 8. Fireline intensity and standard deviation obtained for UW = 2 m/s and a sinusoidal time variation
(frequency ranged between 0.25 Hz and 3 Hz).

These numerical data show that two frequencies seemed increasing the unsteady effects, a first one
(with the larger effect) for F = 0.25 Hz (near the Kelvin-Helmoltz frequency for these conditions of
wind and vegetation) and a second one for F = 2 Hz (not far from the plume instability).

4. Conclusion

Numerical simulations of surface fires propagating through homogeneous vegetation layer on a flat
terrain have been carried out for a large range of wind conditions, covering the two regimes of
propagation (plume dominated and wind driven) referenced in the literature. The FFT analysis of the
time variation of the fireline intensity signals, has allowed identifying that the unsteady motions of the
flame front were governed by two instabilities (by shear and by density gradient). Then a second set
of numerical simulations, reproducing the wind gusts, has allowed to highlight a coupling mechanism
between forced and internal instability modes, which was able to modify significantly the fire
behaviour.
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