Numerical Study of the Interaction between a Head Fire and a
Backfire Propagating in Grassland
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ABSTRACT

One of the objectives of this paper was to simulate numerically the interaction between two line fires
ignited in a grassland, on a flat terrain, perpendicularly to the wind direction, in such a way that the two fire
fronts (a head fire and a backfire) propagated in opposite directions parallel to the wind. The numerical
simulations were conducted in 3-D using the new fuel element module recently implemented in WFDS. We
chose grassland for the fuel layer, because it represents certainly one of the most studied eco-system, in the
frame of experimental campaigns to study the behavior of surface fires at large scale. The aim of this
numerical study is to understand what are the physical phenomena and the favorable conditions of ignition
of a counter fire, during a fire suppression operation. The preliminary results highlighted that the two fire
fronts interacted only at a relative short distance (10-20 m), following this scenario:

e  The thermal plume above the head fire (representing the main fire front) formed a sort of shelter,
protecting the backfire to the direct effect of the wind flow,

o Before the merging between the two fire fronts, an in-draft flow was observed ahead of the head
fire, promoting and accelerating the propagation of the backfire.

During the last step of the merging of the two fire fronts, a sudden increase of the heat release rate was
observed, indicating a significant interaction between the two fires, which can potentially represent a safety
problem for people in charge of this kind of operation.
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INTRODUCTION

The firefighter services estimate that aerial suppression of forest fires has limited effects when the fire line
intensity exceeds a threshold level of 7000 kW/m [1]. In many situations this critical value is far exceeded
[2,3] for crown fires in forest, but also for surface fires propagating in grassland and sustained even by
moderate wind conditions [4]. Consequently, the reduction of the fuel load between the fire front and a
control line, represents an alternative and potentially effective method (if it is used in suitable conditions) to
stop or to reduce the propagation of a fully developed wildfire. This operation can be accomplished by
using mechanical means (bulldozer) or by the ignition of a suppression fire (also called counter fire or
backfire) [5]. Such traditional suppression techniques have recently been reintroduced by some firefighter
services when classical terrestrial or aerial means were not sufficiently effective. Formally one can
distinguish two methods [6]:

e  Burn-out operations, consisting in the use of techniques very similar to prescribed burning.

e Suppression fire (more aggressive than the previous one), for which a fire line is ignited as close
as possible to the main fire front.

The knowledge concerning the optimal conditions in the implementation of a backfiring operation remains
mainly empirical [1]. The ideal situation to ignite a counter fire is obtained when the meteorological and
topological conditions governing the behavior of the main fire front result in the development of an in-
draft flow in the region between the two fire fronts. In this case, we can consider that the manmade
backfire will be aspirated by this in-draft flow (in the opposite direction compared to the wind flow),
assuring the sufficient elimination of the surface fuel in the region located between the main fire front and
the control line. Very few fundamental studies were dedicated to study this problem, some very
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preliminary experimental results were collected at small scale in fuel beds [7], on the field, the propagation
and the interaction between a head fire and a backfire were analyzed from experimental fires conducted in
small plots of shrubs, in the frame of the EU program FIREPARADOX [8,9]. The problem concerning the
conditions of development of an in-draft flow was studied numerically in 2-D using FDS, in a static fire
configuration (a single burner) [10]. More recently numerical simulations carried out in both 2-D and 3-D
were conducted to study the propagation and the interaction between two line fires, ignited in
homogeneous grassland, on a flat terrain [11,12]. In 2-D [11], calculations were conducted using the
multiphase code FIRESTAR, for two eco-systems (grassland and Mediterranean shrubland). Some
preliminary 3-D simulations were performed using WFDS [11] and FIRETEC [12]. Compared to the
present study, the results presented in [11] did not resolve explicitly the vegetation layer and the
source/sink terms resulting from the interaction between the vegetation and the atmosphere. The fuel layer
was only treated as a boundary condition, to evaluate the mass flux of chemical species resulting from the
drying and the pyrolysis process. These different studies were focused on the action of the wind flow
conditions, upon the development of the in-draft flow between the two fire fronts, and more generally on
the physical phenomena associated with the interaction between the two fires. One of the major
conclusions of these numerical studies, was that on a flat terrain and for relatively moderate wind
conditions (Uyp < 10 m/s), the two fire fronts can interact significantly at relatively short distance (~10-
20 m). This interaction does not depend solely on the development of an in-draft flow ahead of the main
fire front, but very often it is materialized by the shelter effect induced by the thermal plume above the
main front, sheltering the secondary, downwind front (backfire) from the effects of the wind flow. It is in
this context that we proposed to simulate the behavior of two line fires separated by a distance equal to 50
m and ignited simultaneously. Concerning the fuel layer, we chose grassland, because grass fires were
certainly the most studied configuration for the understanding of surface fires, for which there exists a
large data base to compare numerical results and experimental data [13]. Because this kind of fuel is
characterized by low fuel moisture content, the behavior of fires can be sometimes erratic, difficult to
predict, these elements can be at the origin of some safety problems which need a particular attention [14].

MATHEMATICAL AND PHYSICAL MODEL

The problem was simulated using a detailed physical model, based on a multiphase formulation [15,16].
The computer model used here is called WFDS for Wildland-urban interface Fire Dynamics Simulator
(WFDS). This model is an extension of the enclosure fire model FDS [17] to include the presence and
burning of vegetation. The numerical approach solves the three-dimensional time-dependent equations
governing fluid motion, combustion, and heat transfer, associated with the ignition and the development of
a fire. To avoid the problem associated with the propagation of acoustic waves (which do not play an
important role in these problems), the problem was formulated using a low Mach number approach.
Concerning the turbulence model, it is based on a large eddy simulation (LES) approach, using a constant
coefficient Smagorinsky in the sub-grid scale model. The turbulence/combustion interaction was solved
using the eddy dissipation concept (EDC), assuming that the gas mixture resulting from the thermal
decomposition of solid fuel particles can be approximated using the following chemical formula [18]:
C34Hs20,5. All the details of the model are reported in Ref. [16]. In addition to the set of validation and
verification tests carried out for FDS, WFDS has been validated at the laboratory scale using measurements
from Douglas fir tree burn experiments [16] and at field scale using measurements in Australian grassland
fires [19].

In the numerical simulations conducted here, two line fires were ignited, one at the upwind and one at the
downwind edges of a 20 m x 50 m (width x length) grassland plot. The long axis of the plot is aligned with
the wind. The physical properties characterizing the fuel layer (listed in Table 1) are equivalent to a coarse
grass, comparable to those encountered during the experimental campaign carried out in Australia [13]. To
reduce the impact of some uncertainties concerning some open boundary conditions, this plot was
immersed in a larger domain (120 m x 130 m), the upper limit was positioned 40 m above the ground level.
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Table 1. Physical properties characterizing the fuel layer.

Fuel density (kg/m°) 500
Fuel packing ratio x 10° 2
Fuel moisture content (%) 5
Fuel depth (m) 0.7
Surface area to volume ratio (m™) 4000
Leaf area index (LAI) 1.4

As discussed in a review paper [20], two mechanisms govern the heat transfer between the flame and the
unburned fuel and consequently the behavior of the fire: radiation and convection. In many situations the
computational grid cell size is limited by the length scale characterizing the radiation heat transfer, i.e. the
extinction length scale, defined as following:

P (1)

050y

where a5 and oy designate the average volume fraction and the surface area-to-volume ratio characterizing
the solid fuel layer. Using the fuel properties listed in Table 1, this parameter was equal to 0.5 m,
consequently the grid sizes along the horizontal directions were chosen to be equal to Ax = Ay = 0.25 m.
Along the vertical direction, we used a variable grid size Az ranged between 0.05 near the ground level to
2 m at the top of the computational domain. Before igniting the fire lines, the flow field was initialized
during a certain period (ranged between 120 s and 30 s, depending on the wind speed) using a power law,
velocity profile at the inlet (also used as a boundary condition during all the calculation):

U, (Z)=U, (mm (2)

For all calculations the same reference height H = 10, was chosen to define the wind conditions,
consequently Uy = U,q designates in this paper the 10 m open wind speed.

RESULT AND DISCUSSION

A set of calculations simulating the propagation of a surface fire (head fires) through a grassland were
conducted as a preliminary study and compared with data collected during a large scale experimental
campaign carried out in Australia [13]. The evolution of the rate of spread (ROS) of the head fire, evaluated
from the progression of the Ts = 500 K isotherm in the solid fuel, versus the 10 m open wind velocity (Uy),
is shown in Fig. 1. The results of calculations were also compared with previous numerical results [21,22]
obtained in similar conditions and with predictions from two operational empirical model, namely
BEHAVE (USA) [23] and MK5 (Australia) [24].
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Fig. 1. Rate of spread (ROS) versus 10 m open wind speed (Uy,) for a standalone surface
fire propagating through a grassland.

This curve (Fig. 1) shows that in moderate wind conditions (< 8 m/s), the ROS of surface fires simulated
using FDS was in good agreement with experimental observations. It is important to note that the numerical
simulations were carried out using a constant average wind speed. In the simulation, the action of gusts,
which can be present in real conditions (on the field), were not taken into account. For stronger wind
conditions (U > 8 m/s), WFDS seemed to underestimate the ROS, this result can be partially explained by
the fact that for higher wind conditions, the dimension of the plot along the streamwise direction must be
much longer to reach a quasi-steady state propagation for the fire. In the same manner, for stronger wind
conditions, the behavior of fire was more affected by border effects, contributing to increase the fire
curvature, which were more active because of the small extension of the line fire (20 m). For data collected
during wildfire observations, we cannot fully exclude that other physical mechanisms (not taken into
account in the present model), such as spotting for example or turbulence/radiation interaction) could
contribute to the propagation of fires. We can notice also, that above the same wind speed threshold
(8 m/s), the two empirical models (BEHAVE and MKS5) under-predicted systematically the ROS values.
This result is not so surprising, considering the range of wind conditions (moderate for safety reasons) used
to obtain the statistical relations.

Next, we performed a set of numerical simulations, using four values of the 10 m open wind speed (1, 3, 5
and 8 m/s), by simultaneously igniting two line fires at the upwind and downwind ends of the plot. Two
snapshots of calculations representing the solid fuel temperature (in color and in °C), the heat release rate
(HRR > 135 kW/m?®, in orange), and the soot volume fraction (in black), are shown in Fig. 2. These results
were obtained for Uy = 1 m/s, 10 s separated these two views. The first one (on top), obtained at time
t = 153 s (33 s after the ignition), represented the situation observed when the two fire fronts were separated
by a distance enough (> 20 m) and there is limited interaction between the two fire fronts. We can notice
that the temperature of the solid fuel layer located between the two fire fronts, everywhere exceeds 100 °C,
indicating that the fuel was there was fully dry. For these conditions, we measured a ROS equal to 0.71 m/s
for the head fire (for a head fire only case, we also obtained 0.71 m/s) and equal to 0.28 m/s for the
backfire. This difference was not so large which can be explained by the fact that the behavior of these fires
was quite similar and, as shown on Fig. 2, the trajectory of the flame was, weakly deviated by the wind
flow. For the two fires, the flames remained quasi-vertical, in this case the propagation of the fire was
mainly governed by radiation heat transfer.

The next view (Fig. 2 on bottom), shows the situation observed at time t = 163 s (43 s after the ignition),
during the merging of the two fire fronts. We noticed a significant increase of the flame height (this
phenomenon was mainly observed for the backfire).
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Fig. 2. Heat release rate (value > 135 kW/m?®) and surface fuel temperature attime t= 153 sand 163 s (33 s
and 43 s after the ignition of the two line fires), (10 m open wind speed: Uy = 1 m/s).

A slide along a center plan of the temperature field (gas phase, in °C) and the streamlines were shown at the
same times (t = 153 s and t = 163 s) in Fig. 3. This representation allowed us to highlight clearly how and at
what distance the two fire fronts interacted. When the distance separating the two fire fronts was about
20 m, even if we can notice that the air flow arriving on the backfire had not recover the same behavior
than the incoming wind flow (visible on the left hand side), we did not observe a strong interaction between
the two fire fronts (Fig. 3 on top). The situation changed suddenly when the distance separating the two fire
fronts was around 10 m (Fig. 3 on bottom), the results showed a sudden increase of the flame height for the
backfire and a strong interaction between the two convective plumes.
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Fig. 3. Slide along a median plan of the temperature field and streamlines at time t = 153 sand 163 s (33 s
and 43 s after the ignition of the two line fires in grassland; 10 m open wind speed: Uy = 1 m/s).

The role of protection played by the head fire, can be observed in Fig. 4, representing a rake of streamlines
emitted 5 m above the ground level.

We noticed in Fig. 4 that a small part of the incoming wind flow was able to cross the fire front, the main
part was deviated vertically and merged with the convective plume. We cannot fully exclude that during the
period preceding the merging between the two fire fronts, a small region located between them could be
under-oxygenated. This configuration could potentially promote the accumulation of unburned pyrolysis
gas, and explain the sudden change of intensity of HRR observed during the merging between the two fires.
This sudden change of situation can also be observed in Fig. 5, representing the time evolution of the heat
release rate (HRR). To evaluate the modifications resulting from the interaction between the two fire fronts,
two curves representing the HRR calculated for a single fire (dashed line) and for two fires (continuous
line) were represented on the same graph (Fig.5). The second curve (continuous line) shows clearly that
around t = 150 s, the HRR increased progressively, after t = 160 s this augmentation was more pronounced,
reaching a maximum value around t = 168 s, when the two fires merged (see Fig. 5). The time evolution of
the pyrolysis front (isotherm Ts = 500 K) for the head fire and the backfire are represented in Fig. 6 for four
values of Uy (10 m open wind speed), ranging between 1 and 8 m/s. For backfires (Fig. 6 on top) all the
trajectories are more or less merged, indicating that the ROS (evaluated from the derivative of these curve)
was not too much affected by a modification of wind conditions. This result can be easily understood if we
consider that backfires are mainly piloted by radiation heat transfer. During the propagation of the backfire,
the head fire (on the left hand side in Fig. 2 and Fig. 3) protected as a shelter, the backfire, from the direct
action of the wind flow. Consequently even if the wind conditions were modified, the development and the
trajectory of the flame above the backfire, were not greatly affected, with the same consequence concerning
the heat transfer (mainly by radiation) between the fire and the unburned vegetation.
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Fig. 4. Streamlines rake emitted at z = 5m above the ground level during the propagation of two line fires in
grassland (10 m open wind speed: Uyp = 1 m/s).

The situation concerning the head fire was completely different, by increasing the wind flow, the fire
behavior was modified in two ways:

e The flames trajectory was strongly deviated horizontally, to be able to touch more easily the
unburned vegetation located ahead of the fire front

e The hot gases released from the combustion reaction were pushed toward the unburned
vegetation, which increased the contribution of the convection heat transfer in the energy balance
exchanged with the vegetation

The consequence is that as the head fire ROS increased from 0.71 m/s to 1.84 m/s as the 10 m open wind
speed increased from 1 m/s to 5 m/s. Between 5 m/s and 8 m/s, we observed a saturation effect (probably
due to the limited dimensions of the plot) and the ROS decreased from 1.84 m/s to 1.74 m/s.

CONCLUSION

The interaction between two line fires ignited at the two sides of a grassland plot was simulated using a
detailed physical fire model. The vegetation layer was introduced using the “Fuel element model” recently
implemented in the 3-D CFD code FDS (Fire Dynamics Simulator V5.5). A set of preliminary simulations
was carried out for a single surface fire, the numerical results, especially the evolution of the ROS versus
the 10 m open wind speed, were compared with well documented experimental data collected on
experimental fires performed in Australia. The configuration of the simulations was then extended, in
igniting a secondary line fire, propagating as a backfire. The numerical results highlighted that, contrary to
the expected result, the distance at which the head fire was able to affect significantly the gas flow, did not
exceed a distance larger than 10 or 20 m. During the main period between the ignition and the merging
between the two line fires, the head fire acted on the backfire as a shelter, by protecting the backfire, from
the direct impact of the wind flow. The numerical simulations highlighted also that in many situations, the
incoming wind flow was not able to cross the flame front, formed by the head fire. This situation can
potentially promote the accumulation of unburned pyrolysis gas between the two fire fronts and explain the
sudden increase of HRR observed during the merging phase. This last point must be studied with more
attention in a next study. We also plan in future, to simulate the interaction between two fire fronts, in more
realistic configurations, including also slope effects. These configurations will be more representative of
those retained during extinction fire operation.
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