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ABSTRACT

The safety during prescribed burnings could be achieved by conducting these operations under marginal con-
ditions of fire propagation. This type of fire can or cannot propagate on account of small deviations of the
burning conditions, mainly the wind speed, the fuel load, and the fuel moisture-content. In this context, nu-
merical simulations of grassland fires were conducted under marginal conditions in order to relate the moisture-
content threshold of propagation success to the wind speed and the fuel load. The simulations were conducted
using FireStar2D, a complete physical 2D fire simulator based on a multiphase modelling approach. The 10 m-
open wind speed ranged from O to 10 m/s and the fuel load varied from 0.1 kg/m2 to 0.7 kg/mZA The effects of
wind speed and fuel moisture-content on the fire behaviour and on the flame parameters are discussed. The
results show that the moisture threshold increases with the fuel load until it reaches a value beyond which there
is no dependence. A similar dependence of the moisture threshold on the wind speed is also observed. Finally,
empirical formulae were constructed to relate the fuel moisture content threshold to the wind speed and the fuel
loading implicitly through Byram’s convective number.

1. Introduction

Prescribed fires play an integral role in forest management and risk
reduction. By definition, prescribed burning is a fire applied in a
knowledge manner to forest fuels on a specific land area under selected
weather conditions to accomplish predetermined, well-defined man-
agement objectives [1]. In fact, it’s considered as one of the most
effective method for land and plant managing communities and con-
trolling natural succession [2]. It can be used for wide spectrum of ob-
jectives [3-8]. The most common application is the reducing wildfire
hazard and the decreases of the intensity of a subsequent fire by the
elimination of fuel loads accumulation, especially the finer elements, by
disrupting the continuity of the fuel coverage [9], and by the creation of
fuelbreaks [2]. Prescribed fires are also used to control the spread of
aggressive plants, to reduce of plant diseases, to prepare sites for seeding
and planting, and to improve wildfire habitat and manage endangered
species [10,11].

Once ignited, the fire behaviour and intensity depend of the weather,

* Corresponding author.
E-mail address: frangieh_n@univ-corse.fr (N. Frangieh).

topography, and fuels characteristics. So, in order to prevent harmful
impacts on forests and to obtain low intensity fires, different burn
techniques can be used depending on the angle of exposure of the un-
burned fuel to the flame [4,12]. The proper technique to use can change
as these factors change. Atmospheric conditions should be favourable
for smoke to rise and disperse into the upper air. Each method has
strengths and weaknesses depending on the weather conditions, size of
the area, and expertise of the operators conducting the fire.

Indeed, weather parameters have a large impact on prescribed
burning and fire behaviour, specifically wind speed, temperature and
relative humidity. Wind speed and direction control how fast and in
which direction a fire will spread. Also, the unsteady nature of the wind
flow (gusts) can have a significant impact on fire behaviour and spread
[13]. For instance, in southern United States, the recommended wind
speed ranges from 0.5 to 7 m/s (measured at 2 m above ground) [14].
Temperature must be considered for two reasons: high temperature has
great influence on overstory vegetation and plays a great role in fuel
moisture-content dynamics. On the other hand, the lower the relative
humidity, the lower the fuel moisture-content and the more rapidly fuels
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Nomenclature

B Stefan-Boltzmann constant (W/m?/K*%)

¢ specific heat of vegetative fuel (J/kg/K)

Cpo specific heat of ambient air (J/kg/K)

e depth of fuel bed (m)

g Earth acceleration (m/s?)

I fire line intensity (W/m)

LAI Leaf Area Index

FMC Fuel Moisture Content (mass of water/mass of dry mater)
my fuel moisture content threshold that determine fire

propagation (mass of water/mass of dry mater)
ROS rate of spread (m/s)
surface area to volume ratio (1/m)
Se model universal constant

)

T flame temperature (K)

T, ambient temperature (K)

T; ignition temperature (K)

U wind speed (m/s)

Ah latent heat of evaporation (J/kg)
Greek

Por fuel particle density (kg/m>)

Po ambient air density (kg/m3)

B solid fuel packing ratio

c solid fuel load (kg/rnz)

S extinction length (m)

T flame residence time (s)

To flame residence time parameter (75591 s/m)
Topt critical optical thickness (m)

will dry. For example, the recommended range of relative humidity, in
Indiana (United States), for prescribed burning is between 30 and 55%
[10]. At the lower end of this range, prescribed burning can become
dangerous as fire intensities increase. At the higher end, the fuel will
burn with a low fire-line intensity to the point that the fire may not
sustain or accomplish the desired objectives. Many studies showed that
the success of the prescribed-fire spread depends not only on the wind
speed but also on the physical properties of the vegetation, such as the
fuel moisture-content and load [15-17]. Indeed, the fuel moisture con-
tent has a great effect on fire behaviour [18-21], and fire activities [16,
22]. In fact, fuel moisture content is a critical factor affecting the fire
intensity, the amount of consumed fuel, the combustion rate [23], and
the rate of spread [18,20,24]. Also, the fuel moisture content decreases
the flame temperature [19,25] and dilutes the oxygen in the combustion
area [26]. King [27] showed that the released water vapour decreases
soot concentration, and decreases consequently the flame emissivity and
the radiant heat. Other studies showed that the fuel moisture content has
a critical threshold that determines fire extinction [9,28,29]. Rothermel
[9] showed that fire does not spread in Pinus ponderosa needles bed
when the fuel moisture content is above 30%. Morvan [18] numerically
showed that grassland fires do not spread under weak wind conditions if
the fuel moisture content is higher than 20%. Trabaud [30] estimated
that the fuel moisture content of extinction for the Mediterranean shrubs
is about 32%. Models that evaluate the fuel moisture-content threshold
of extinction are rare; the most known is the model proposed by Wilson
[29] that relates the fuel moisture threshold of extinction to the vege-
tation structure. Most of these studies were conducted without consid-
ering the effect of wind speed on the upper limit moisture for which the
fire spreads. In fact, other studies showed higher extinction values of
fuel moisture content when including the effect of wind speed.
Marsden-Smedley et al. [16] had shown that the upper limit of FMC of
fire propagation in button moorlands can reach 76% when the wind
speed is higher than 2 km/h. Valdivieso et al. [31] conducted several
tests using pine needles fuel beds under controlled wind conditions and
they found that the fuel moisture content of extinction increases from
54% to 140% when the wind speed increases from 0.5 m/s to 5 m/s.
They also proposed an empirical model that relates the moisture content
threshold of extinction to the wind speed but without considering the
fuel properties. However, most of the models that determine the fire
propagation success based on both wind speed and fuel properties are
probability functions [15,17] constructed from experimental tests.
These models do not lead to accurate values of the extinction conditions.
Balbi et al. [28] proposed an analytical model that determines the fuel
moisture threshold based on fuel properties and on ambient tempera-
ture. This model can be applied for all type of vegetation, under no slope
and weak wind conditions. The effectiveness of Balbi’s analytical model
in predicting the FMC threshold has been tested [32] using experimental

and numerical data. In this study, laboratory fire experiments were
carried out in excelsior fuel beds, while the numerical simulations were
conducted using the complete physical fire model “FireStar2D” [33-35]
for a homogeneous grassland and heterogeneous (shrub) fuel bed. This
study showed that the predictions of Balbi’s model of the FMC threshold
for calm wind conditions (up to 0.5 m/s) are in fairly good agreement
with the experimental data and the numerical results obtained using
FireStar2D.

Following on from the previous study [32], the present study is
motivated by the limitation of Balbi’s model (and the absence of other
operational models) in predicting the FMC threshold under active wind
conditions. Consequently, the aim of this study is to numerically
determine the required fuel properties (fuel load and moisture content)
for a successful prescribed burning on leveled ground. For this purpose,
several numerical simulations of grassland fires were conducted using
the complete physical model FireStar2D in order to relate the FMC
threshold of extinction to the wind speed and to the fuel load. In the
process, the study describes the effects of wind speed and the FMC on
fire behaviour (fire regime and flame parameters). These effects have
already been addressed in the literature using FireStar2D model for calm
and moderate wind speeds [18,32]. These studies and many others [13,
33-36] have highlighted the predictive potential of FireStar2D model in
addressing the effects of the wind conditions, the fuel properties (FMC
and fuel load), and other parameters (slope, fuel break, wind unsteadi-
ness ...) on fire behaviour.

Finally, in a recent thematic report [37], the United Nations Office
for Disaster Risk Reduction (UNDRR) stressed the importance of better
inclusion of science and technology in Disaster Risk Reduction efforts.
As in many other fields of science, the development of new fire simu-
lation tools to have more insight on the underlying physics, is considered
nowadays to be a promising approach. At a large scale, these tools aim to
predict the fire behaviour [38,39] and the trajectory of a fire front
through a landscape, while at a smaller scale, they aim to describe the
details of the interaction between the flames and potential targets (in-
dustries, vegetation, houses ...) [38,40,41]. Indeed, the (UNDRR) report
[37] highlighted that the main challenge for the next decades may be to
close the gap between stakeholders’ needs and scientific knowledge and
tools. In this context, the present numerical study could be seen as a
further modelling effort to give insights into thresholds that can lead to
successful burns and how to adjust timing and ignition techniques to
overcome extinction in marginal conditions and prevent propagation in
dangerous conditions.

2. Physical considerations and mathematical model

As mentioned and argued for in introduction, 2D numerical simu-
lations were conducted using a complete physical fire model, namely



FireStar2D. The mathematical model used in FireStar2D is based on a
multiphase formulation [42], it consists in a first step in space-averaging
the conservation equations (mass, momentum, energy ...) governing the
behaviour of the coupled system formed by the vegetation and the
surrounding atmosphere. This averaging is performed on elementary
control volumes including both the solid phase (the vegetation) and the
gaseous phase. The model consists of two parts that are solved on two
distinct grids. The first part consists of the equations of a reacting tur-
bulent flow in the gaseous phase composed as a mixture of fresh air with
the gaseous products resulting from the degradation of the solid phase
(by drying, pyrolysis, and heterogeneous combustion) and the homo-
geneous combustion in the flaming zone. The second part consists of the
equations governing the state and the composition of the solid phase
subjected to an intense heat flux coming from the flaming zone.

Solving the gaseous phase model consists in the resolution of con-
servation equations of mass, momentum, energy (in enthalpy formula-
tion), and chemical species (O2, N, CO, CO,, and H50) filtered in time
using an unsteady RANS approach (URANS), with Favre average
formulation [43]. The closure of the averaged conservation equations is
based on the eddy viscosity concept [44] obtained from an evaluation of
the turbulent kinetic energy k and its dissipation rate €. In the URANS
approach, a high Reynolds number version of a two-equation statistical
turbulence model (k-¢) is used with the RNG formalism [45,46]. A
combustion model based on Eddy Dissipation Concept (EDC) [44,47] is
used to evaluate the combustion rate occurring in the gaseous phase.
Finally, because radiation heat transfer (mainly due to the presence of
soot particles in the flames) plays an important role for the propagation
of the fire front, the field of soot volume-fraction in the gas mixture is
calculated by solving a transport equation [48] including a thermo-
phoretic contribution in the convective term and taking into consider-
ation soot oxidation [49].

Concerning the solid phase model, during the thermal degradation,
the composition of the solid fuel particles representing the vegetation is
represented as a mixture of dry material, charcoal, moisture, and re-
sidual ashes. For each solid particle, the model consists in solving the
equations governing the time evolutions 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. The degradation of the
vegetation is governed by three temperature-dependent mechanisms:
drying, pyrolysis, and charcoal combustion [35,42,50]. The pyrolysis
process starts once the drying process is completed and charcoal com-
bustion starts once the pyrolysis process is achieved. The constants of the
model associated with the charcoal combustion (activation energy and
pre-exponential factor) are evaluated empirically from a thermal anal-
ysis conducted on various solid fuels samples [42,51].

The interaction between the gaseous phase and the solid one is taken
into account through coupling terms that appear in both parts of the
model. These terms are linearly interpolated between the fluid-phase
and solid-phase grids. The coupling in the momentum and turbulence
equations is obtained by adding aerodynamic drag terms [52] Heat
transfer between the gas mixture and the solid fuel is based on empirical
correlations for convective transfer coefficient [51]. Finally, mass
transfer from the solid phase to the gaseous phase is represented by
adding source/sink terms in the mass conservation equations of both
phases. The set of transport equations in the gas phase are solved using
an implicit finite Volume (FV) method [53,54]. To avoid the introduc-
tion of false numerical diffusion, the Ultra-Sharp (Universal Limiter for
Tight Resolution and Accuracy Resolution Program) has been adopted
[55]. The Radiative Transport Equation (RTE) is solved using a Discrete
Ordinate Method (DOM), consisting of the decomposition of the radia-
tion intensity in a finite number of directions [56]. The interaction be-
tween turbulence and radiation is formulated using an optically thin
fluctuation approximation (OPFA) [18,34,36,57]. The set of ordinary
differential equations describing the time evolution of solid-fuel state
(mass, temperature, and composition) are solved separately using a
fourth order Runge-Kutta method.

The details of FireStar2D model have been thoroughly described in
previous publications, we invite the reader to consult references [33,35,
58,59] for more information about this 2D model and for a comparison
with other wildfire tools available in the community.

The simulations were performed in a 2D domain, 170 m long and 35
m height, as shown in Fig. 1. A homogenous layer of Australian grass-
land, whose physical properties are described in Table 1, lied between x
=20 m and x = 170 m. Different fuel loads are considered in this study
by changing the fuel height between 0.1 and 0.7 m and maintaining the
same fuel density and packing ratio. Ignition was obtained by instan-
taneous injection of CO at 1600 K from the ground (between x = 20 m
and x = 22 m) during 5 s and with a constant velocity of 1 m/s. Ignition
is activated after reaching a statistically-steady profile of the turbulent
boundary-layer inside and above the fuel bed [36], which required 30 s
of simulation time.

In order to insure accurate simulation results, the mesh size must
respect physical and numerical criteria related to the fuel-bed depth (e)
and the characteristic length of radiation extinction within the vegeta-
tion (8) given by Eq. (1), i.e.: Ax < & and Az < min (e/4, §).

6:4/Sﬁ =05 m (Eq. 1)

The wind velocity profile is described by a logarithmic function
imposed at the left boundary of the computational domain. The wind
speed was given at 10 m above the ground level and ranged between 1
and 10 m/s.

3. Results and discussion

As mentioned in the introduction, the main objective of this study is
to relate the FMC threshold that determine a fire-spread success to the
wind speed and the fuel load. A propagation was considered successful if
the fire spreads over more than 50 m from ignition point and reaches a
constant rate of spread (ROS). For a FMC equal to the extinction
threshold, denoted m,, most of the simulated fires spread over 15-30 m
before extinction. This transitional phase is directly related to the igni-
tion method, where the burner is activated during 5 s, which maintains
the fire spread over some distance before extinction. For instance, Fig. 2
shows the trajectory of the pyrolysis front obtained under marginal
conditions for Ujg =4 m/sand e = 0.5 m (6 = 0.5 kg/mz); we clearly
notice fire extinction for FMC = 149% while steady fire spread was
obtained for FMC = 148% allowing ROS calculation. For all considered
cases, the FMC extinction threshold-value, m,, was determined within
1% error; in the case of Fig. 2, my, = 149%.

3.1. Effects of the wind speed and of the FMC on fire behaviour

Fig. 3a shows the FMC threshold (m,) as a function of the 10-m open
wind speed for different vegetation fuel loads. For low to moderate U;q
values (up to 6 m/s), m, increases quasi-linearly with the wind velocity
before reaching an asymptotic value for Uy > 6 m/s where no notice-
able variation of my is visible for the fuel loads. Similarly, Fig. 3b shows
that m, increases with the fuel load before reaching an asymptotic value
for 6 > 0.5 kg/m?, beyond which the dependence of m, on the fuel load
becomes relatively weak.

And wind-driven fires. Byram’s convective number given by Eq. (2)
is often used in the literature [26] to characterise wildfires behaviours;
this dimensionless number represents the power ratio of the two forces
governing the flames direction and consequently the propagation of a
wildfire: the buoyancy force due to temperature difference (and there-
fore density) between the hot plume above the fire and the ambient air,
and the inertia force due to the wind. In Eq. (2), I is the fire line intensity
(W/m), g is Earth gravity, and subscript O refers to ambient-air physical
properties. Plume-dominated fires are obtained for large values of
Byram’s convective number (typically for N¢ > 10), while
wind-dominated fires are obtained for small values of N¢ (typically for
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Fig. 1. Computational domain and boundary conditions used in the 2D simulations of grassland fires.

Table 1

Physical properties of the homogenous fuel-bed layer.
Fuel particle density, p, (kg/m>) 500
Fuel packing ratio, p 0.002
Fuel moisture content, FMC (%) 5-200
Fuel depth, e (m) 0.1-0.7
Fuel load, ¢ (kg/mz) 0.1-0.7

Surface-area to volume ratio, s (m™1) 4000
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Fig. 2. Time evolution of the pyrolysis front position obtained under marginal
conditions for Ujp =4m/sande =0.5m (6 = 0.5 kg/mz). The ROS is the curve
slope obtained at steady fire spread.

N¢ < 2) [26].
2gl

Ne=——""—"—"— (Eq. 2)
PoCrT.(Uyy — ROS)’

Byram’s convective number N is a decreasing function of the wind
speed Ujg [38] as well as of the FMC [18]; consequently, a combined
increase of Uy and of FMC harshly reduces the power of the buoyancy
force and the thermal plume direction becomes more affected by the
wind that tilts the flame towards the vegetation cover and increases its
length. These phenomena are illustrated in Figs. 4 and 5 that show the
gas temperature field (i.e. flame) for a low and moderate wind speed
(U1p = 2 and 4 m/s) and for two FMC values (5 and 90%). The colour bar
indicates the temperature level of the gas while the arrowheads on the
streamlines symbolize the wind stream direction.

For U9 < 6 m/s, all the simulated fires with a low FMC value (5%),
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Fig. 3. Fuel moisture content threshold of fire extinction through a uniform
grassland obtained for (a) different 10-m open wind speeds and (b) different
fuel-bed loads.
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Fig. 4. Temperature field and resulting flow velocities (in x and z directions)
streamlines obtained for Uy = 2 m/s, for e = 0.5 m (8 = 0.5 kg/mz), and for
two values of FMC: (a) FMC = 5%, (b) FMC = 90%.
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Fig. 5. Temperature field and resulting flow velocities (in x and z directions)
streamlines obtained for Uy = 4 m/s, for e = 0.5 m (8 = 0.5 kg/mz), and for
two values of FMC: (a) FMC = 5%, (b) FMC = 90%.

for all considered fuel-load values, were plume-dominated fires or had a
hybrid propagation regime between plume-dominated Figs. 4a and 5a
show how an increase of the wind speed (from 2 to 4 m/s) significantly
affects the rise of the flame by pushing it toward the unburned vegeta-
tion; this, results also in a significant increase of the flame depth. We
notice also for both wind speeds, that when the FMC increases, the flame
temperature decreases as well as the power of the buoyancy force;
consequently, the flame becomes more affected by the wind speed ac-
tion: the flame length increases and it leans toward the unburned
vegetation.

Fig. 6 shows the profiles of the gas temperature and of the mass
fraction of oxygen and water vapour, evaluated at the surface of the
vegetation cover for FMC = 5% and 90%. We notice first that the flame
temperature decreases as the FMC increases since a part of the energy is
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Fig. 6. Profiles of the gas temperature and the mass fraction oxygen and water
vapour in the gas mixture, obtained at the surface of the vegetation cover (z =
e) fore =0.5m (W = 0.5 kg/mz), for U;g = 4 m/s, and for two values of FMC:
(a) FMC = 5%, (b) FMC = 90%.

consumed for water vaporisation, and of course much more water
vapour is transferred into the gaseous phase as the FMC increases. But
Fig. 6 also shows the larger inclination of the flame for FMC = 90% and
it leans onto the vegetation cover, which boosts the preheating of the
unburned vegetation many meters beyond the combustion zone, up to a
distance where the flame cannot sustain fire propagation. On the other
hand, as the FMC increases, the larger amount of water vapour produced
by vaporisation decreases oxygen concentration in the gas mixture (as
shown in Fig. 6b) behind the flame, which can cause fire extinction
when the FMC reaches it threshold value.

For U9 = 7 m/s most of the simulated fires with FMC = 5% were
wind driven, i.e. N¢ < 2 or very close to 2. For these fires (Ujg > 7 m/s),
the flame lengths are already important before increasing the wind
speed or the FMC. As shown by Figs. 7 and 8, the increase of the wind
speed or the FMC has again the effect of tilting the flame toward the
vegetation cover and decreasing consequently the flame height. This
results in reducing the size of the coherent structures observed down-
stream of the fire.

In the light of the analysis made so far, the asymptotic behaviour of
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the FMC threshold of extinction versus the wind speed can be explained
as follows: m, asymptotic values are relatively high (between 155% and
200% for the considered fuel loads, see Fig. 3a). At such high FMC
values, the flame buoyant power is very weak because (1) a large
amount of the heat release is for water vaporisation, (2) the large
amount of water vapour drastically reduces the concentration of oxygen
in the gas mixture behind the flame. Because the flame is very weak, the
action of the wind speed on the flame geometry (mainly its length and
tilt angle) reaches its full effect at moderate wind speeds (5-7 m/s ac-
cording to the fuel load, see Fig. 3a). In other words, increasing the wind
speed beyond the value for which the asymptotic value of m, is reached
does not affect the flame characteristics anymore, in a way that would
increase heat transfer to the unburned vegetation.

3.2. Fuel-bed load effect on the FMC threshold of extinction

Previous studies showed that the fuel load has impact on fire
behaviour, especially on the rate of spread and on fire sustainability [35,
40-42]. In fact, the fuel load or the depth of the fuel bed is a factor that
determines whether the fire front is propagating in thin or thick mode
through the fuel bed assimilated to a porous medium [58,60]. In this
study the authors demonstrated that below some fuel thickness, the
propagation velocity is inversely proportional to the fuel thickness
(thermally thin mode). Above, this threshold thickness, the rate of
spread tends towards a constant value (optically thick mode). This fire
propagation mode depends on a critical optical thickness, given by Eq.
(3), beyond which the vegetation medium is considered to be thick [58].

Topr = SPE/4 (Eq. 3)

Fig. 3b shows that m, increases with the fuel loading (up to 0.5 kg/
m?) until reaching a value beyond which the dependence of the fuel load
becomes relatively weak. This behaviour change can be related to the
fire propagation mode in the porous medium. For a relatively thin
vegetation medium (topt < 1) obtained for e < 0.5 m that also corre-
sponds to 6 < 0.5 kg/m?, all the fuel-bed depth participates to the fire
propagation; in this case, m, increases with the fuel load. But, for a
thicker vegetation medium, radiative heat transfer does not penetrate
effectively the entire fuel-bed depth, and the lower fuel-bed layers are
not heated enough to effectively participate to fire propagation [61]; m,
becomes less sensitive to the fuel load in this case. Indeed, as shown by
Fig. 9, the radiative heat flux received by the lower part of the unburned
vegetation (0.1 m above ground), located 1 m downstream of the flame,
decreases substantially with the fuel-bed load. We also notice a change
in the dependence of the radiative heat flux on the fuel load as the
vegetation approximately reaches the critical optical thickness.

3.3. Empirical law for the FMC threshold of extinction

The prescribed fire success is usually predicted using statistical
functions deduced from experimental tests using a specific vegetation
[5,15,16]. These probability functions show that the fire sustainability
depends of the fuel properties and weather conditions. The 70 points
shown in Fig. 3 were used to construct the empirical relation of the FMC
threshold of grassland-fire extinction, for a wind speed U ranged from
1 to 10 m/s and for a fuel load ¢ ranged from 0.1 to 0.7 kg/m?. The
least-square fitting of the 70 data points, using “Levenberg-Marquart”
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Fig. 9. Radiative heat flux received by the vegetation at point (70 m, 0.1 m)
obtained for U;g = 2 m/s, FMC = 10%, and different fuel loads, when the flame
was located at x = 69 m.



algorithm [62] results in the empirical relation given by Eq. (4), where
the fuel load o is expressed in kg/m? and the wind speed in m/s. my is
the FMC threshold of extinction, given by Eq. (5), obtained from an
algebraic physical model proposed by Balbi et al., in 2014 [28] under
no-wind conditions. In Eq. (5), Se = 0.47 is a universal constant, LAl = f8.
s.e/2 is the leaf area index, py is the fuel particle density, B is the
Stefan-Boltzmann constant, cp is the vegetative fuel specific heat, Ah is
the latent heat of evaporation, T is the mean flame temperature, T; and
T, are respectively the ignition and ambient temperatures, 1o = 75591
s/m is the flame residence time parameter [63] and n is the optical
thickness parameter [64]. The proposed correlation approximates the
simulations results with a coefficient of determination R? = 0.977.

m, —my = 46.53¢"7% + 58.83U7;# (Eq. 4)
7BT* S, (T — To)
= - - Eq.
o np,Ah ( 2L 41) Ah (Eq. 5)

3.4. Effects of the wind speed and of the FMC on the flame characteristics

Fig. 10 shows the FMC dependence of the flame residence time Tgjre.
For Ujp > 4 m/s, we clearly notice that the curves can divided into two
parts: Tgire decreases with the FMC up to FMC = 30-40%, and then it
increases for higher FMC values. This dependence has also been reported
in the literature [18] for a fuel-bed depth e = 0.7 m using FireStar2D
model. For the smallest wind speed (Ujp = 1 m/s), only the first part of
the curve (with a sharpest slope) can be observed, because the FMC
threshold of extinction is too low to reach the part where T increases
with the FMC. To understand this behaviour, Byram’s convective
number N, given by Eq. (2), is represented versus the FMC for Ujg = 1
and 4 m/s in Fig. 11. For Ujg = 1 m/s, N¢ decreases with the FMC and
the last successfully propagating case, before reaching the extinction
threshold occurs for FMC = 20%, results in N = 1047. Consequently, for
Ujp = 1 m/s, fire propagation regime is plume-dominated for all
considered FMC values, and the air diluted by the vaporized water is
drawn from the vicinity of the fire front into the flaming zone, which
weakens the flame intensity until extinction for a FMC >20%. For Ujg =
4 m/s, NC decreases from 22.1 (plume-dominated fire) for FMC = 10%,
to reach Nc = 10 for a FMC = 40%, which corresponds to the transition
from a plume-dominated to a wind-driven fire. For FMC >40%, Nc
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Fig. 10. Fire residence time versus the FMC, obtained for a fuel-bed thickness e
=05m W = 0.5 kg/m2) and for different wind speeds. The vertical arrow
indicates the FMC threshold of extinction.
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Fig. 11. Byram’s convective number versus the FMC, obtained for a fuel-bed
thickness e = 0.5 m (W = 0.5 kg/mz) and for Uy = 1 and4 m/s. The vertical
arrow indicates the FMC threshold of extinction.

continues decreasing and the fire behaviour becomes more wind driven,
and vaporized water is better evacuated away from the flaming zone by
the action of the cross wind. This fire-regime transition for Ujp = 4 m/s
could explain the dependence of the flame residence time on the FMC
observed in Fig. 10. This behaviour change, where vaporized water is
drawn into the flaming zone in plume-dominated regimes and evacuated
away from it in wind driven regimes, can be clearly illustrated by the
distributions of the water vapour fraction shown in Fig. 12 and corre-
sponding to Figs. 4a and 5b. We notice that for U;gp = 2 m/s and FMC =
5% (Fig. 12a), there is no water vapour downstream of the flaming zone
because it has been drawn into it by the back flow. While for U;o = 4 m/s
and FMC = 90% (Fig. 12b), water vapour is clearly being evacuated
away from the flaming zone. The increase of the flame residence time,
Trire, Observed for FMC >40%, also explains the dependence of the flame
depth (equal to ROS X 7Tpjre) on the FMC shown in Fig. 13. It is well
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Fig. 12. Distribution of water-vapour mass-fraction and flow streamlines ob-
tained (a) for U;g = 2 m/s, FMC = 5%, and e = 0.5 m, and (b) for U;o = 4 m/s,
FMC = 90%, and e = 0.5 m.
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known that the ROS is always a decreasing function of the FMC [18,20].
Fig. 13 highlights clearly that flame depth decreases sharply for FMC
values smaller than 40% because both the ROS and the flame residence
time (tpire) decrease. For larger values (FMC > 40%), the flame depth is
practically independent of the FMC, and this results from the opposite
actions of the FMC on the ROS and on the flame residence time; indeed,
in this case Trjr increases with the FMC while the ROS always decreases.

3.5. Non-dimensional scaling of the FMC threshold of extinction

In order to remove the dimensional dependence of the FMC threshold
relationship, given by Eq. (4), Byram’s convection number N¢ was
evaluated using Eq. (2) for all successfully propagated fires, and the FMC
is plotted in Fig. 14 versus the inverse of N¢. Fires with 1/N¢ < 0.1 are
typically plume dominated, while fires with 1/N¢ > 0.5 are wind driven.
The green symbols correspond to the marginal cases, for which
increasing the FMC by 1% stops fire propagation, i.e. the FMC threshold
of extinction m, is reached. The marginal cases, defining the upper FMC
boundary of successful fires, can be scaled with the inverse of Byram’s
convection number according to Eq. (6), were In is the natural
logarithm.

FMCparg (%) =144 + 15.5 In (1 /Nc) (Eq. 6)

Due to data scattering about the scaling law (see Fig. 14), Eq. (6) is
less accurate than the empirical law given by Eq. (4) where a 0.977
coefficient of determination was achieved. It allows however to extend
the prediction of the FMC threshold of extinction beyond the range of
physical parameters (fuel load, wind speed, fuel properties) considered
in this study. It covers a wide range of fire behaviours (0.05 < N¢ <
2500), it requires however an estimation of the fire intensity and the
ROS in order to predict the FMC threshold of extinction.

4. Conclusions

In order to understand how the fuel moisture content (FMC) char-
acterizing a homogeneous grassland can determine a fire spread success
on a flat terrain in prescribed wind conditions, 2D numerical simulations
were conducted using a complete physical multiphase model
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Fig. 14. FMC versus the inverse of Byram’s convection number. The green
symbols correspond to the marginal cases, for which increasing the FMC by 1%
stops fire propagation, and the red symbols refer to the simulated cases where
the fire front reaches the end of the domain. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
this article.)

(FireStar2D) for different wind speeds and fuel loads.

The study showed that the FMC threshold of extinction m, increases
with the wind speed and the fuel load until reaching an asymptotic value
beyond which m, dependence on the wind speed and the fuel load fades
away. The study also highlighted the combined effect of the wind speed
and the FMC on fire behaviour, especially on the flame characteristics.
Increasing the FMC reduces the flame intensity and makes the flame and
the fire plume more vulnerable to the action of the cross wind. The FMC
threshold of extinction was accurately correlated to the wind speed and
to the fuel load; this explicit correlation allows to determine the mar-
ginal conditions for a successful prescribed-burning in terms of fire pa-
rameters that could be directly measured in the field. A scaling law was
also proposed between the marginal FMC for a successful fire spread and
Byram’s convective number; this law extends the predictability of the
FMC threshold of extinction beyond the physical parameters considered
in this study, but requires however an estimation of the fire line intensity
and of the ROS.

Many other fundamental aspects of prescribed fire under marginal
conditions are not well understood and should be investigated, such as
the impact of the unsteady nature of the wind flow due to gusts, the role
played by the field slope under marginal conditions, and the competition
between the wind and the slope when their directions are not aligned.
Nevertheless, this study is a further step towards a better understanding
fire behaviour under marginal conditions and more insights into the
thresholds that can lead to successful and safe burns. The next natural
step of this work would be to conduct a set of fire experiments at the field
scale under marginal conditions where this article could be considered
as a useful guideline for such future experimental studies.
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