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REDUCTION OF A MULTIPHASE FORMULATION TO INCLUDE A
SIMPLIFIED FLOW IN A SEMI-PHYSCAL MODEL OF FIRE SPREAD

ACROSS A FUEL BED

Abstract
The aim of our ongoing research is to propose a forest fire simulator. To this end,
we have developed a semi-physical model of fire spread that has been validated
experimentally thanks to laboratory-scale pine needle bed fires under both slope
and low wind conditions. This model described the physical phenomena in a
simple manner while providing the main characteristics of spread. However, it did
not allow to describe accurately the experimental tendency of an increasing spread
rate with increasing wind velocity, particularly because of the strong assumption
of considering a constant wind over the entire spreading zone. In the present
study, we propose a simplified description of the flow that is coupled to our
model. To proceed, we carry out the reduction of a multiphase model of reference.
This reduction of the complete equations that describe the flow allows us to
develop a simplified flow by considering mainly the buoyancy effect induced by
combustion in the flaming zone. The results are subsequently compared to
laboratory experiments under varying wind and slope conditions. A substantial

improvement of the predicted rates of spread is provided.

Keywords: Fire spread modelling / fire simulator / multiphase model /

reduction / semi-physical model / diffusion-reaction / simplified flow.



Nomenclature

specific heat at constant pressure

drag forces coefficient

prevalence distance of the radiant heat flux

acceleration due to gravity

reduced heat transfer coefficient

reduced advection coefficient

constant in the k, expression
thermal diffusivity

surface thermal mass

mass flux

pressure

empirical radiative constant
reduced radiative coefficient
reduced combustion enthalpy
radiant contribution of the flame

surface mass
time
temperature

velocity

Jm? K™

kgm™ s~



V. maximal wind velocity ms

x,y,z co-ordinate in space m

Greek symbols
a  volume fraction

x  drag forces constant

y combustion time constant S
0  thickness of the fuel layer m

0  angle located between the normal of the front and the direction of spread

7T stress tensor in the gas Jm™
IT  stresses at the solid / gas interface Jm™
o density kgm™

¢  flame tilt angle

Diacritical

[ ] source term

Subscripts
a ambient

eq medium equivalent to the litter
g  gaseous phase

gk  interface exchanges



ig

sl

ignition

solid phase

slope

horizontal co-ordinate
vertical co-ordinate

initial condition



1. Introduction

The devastating fires that have occurred over the last few years were always
associated with strong winds (USA, Greece, Corsica, etc.). Under these
circumstances, it would be very useful that fire-fighters dispose of a tool that
would provide rapid and relatively accurate information concerning the spread of
the fire. Such a tool must provide, under real-time, large-scale predictions of the
development of a fire line on a vegetation map. In light of this, the scientific
community has become increasingly involved in the modelling of forest fires and
a number of approaches have emerged. Based on the classification proposed by
Weber [1], three types of models can be identified. The first includes statistical
models that do not take physical information into consideration [2]. The second
type incorporates semi-empirical models, which are based on the principle of
energy conservation but which do not distinguish between the different
mechanisms of heat transfer [3]. Finally, physical models describe the various
mechanisms of heat transfer and production, in order to predict fire spread [4].
Among these last models, the multiphase approach, which takes the finest
mechanisms involved in fire spread into consideration, is the most complete
modelling that has been developed so far [5,6]. Solving such models, however,
requires very long calculation times and they are thus difficult to integrate into
functional fire-fighting tools. Nevertheless, the multiphase approach can be used
to improve or develop simpler models dedicated to fire spread simulators [7,8].
The ongoing goal of our research team is to develop such a simple model. Its

value will reside more in its short calculation time providing the necessary



information (rate of fire spread, fire front geometry and temperature field) than in
its extreme accuracy. Among the different simulators which have been developed
so far, the majority, including BEHAVE [9] and FARSITE [10], are based upon
Rothermel’s model [3], which has the disadvantage of being empirical, one-
dimensional and steady. Conversely, the FIRETEC model [11], which is a
transport model based on sound physics, is still inappropriate to provide real-time
predictions. Finally, the AIOLOS-F simulator [12] seems to be the most
operational existing tool.

In order to reach a compromise between rapidity and accuracy, we have
developed a semi-physical model of fire spread across a fuel bed which is
unsteady and two-dimensional along the ground shape [13,14]. It is based on a
reaction-diffusion formulation like the one presented in [15]. In this model, we
assumed that radiation is the prevailing heat transfer mechanism involved in fire
spread [16]. Nevertheless, it was unable to correctly predict high wind effects on
the rate of spread. Thus, we developed a theoretical method to improve it [17].
The key concept of this process, consists in reducing the multiphase model
provided in [6] to obtain a thermal balance that nears our formulation. This led us
to modify our model in an effort to investigate the wind-aided fire spread
configurations. However, as a first step, we assumed that the wind was constant
over the whole spreading zone. Thus, the generated model failed to properly
describe the experimental increase in spread rate with increasing wind velocity
[17]. This particular behaviour demonstrated the needs to consider the variations

of gas velocity within the combustion zone.



This aspect will be considered in the present study. However, if one wants to
describe completely aerodynamics, the whole set of equations governing the flow
should be considered. Following our aim that consists in representing the
phenomena in a simple way and according to our modelling approach [17], we
have based our study on the reduction of the flow equations of the multiphase
model proposed in [6]. This leads us to describe local wind variations by
considering mainly the buoyancy effects induced by the combustion in the
flaming zone. We thus propose to add two supplementary simplified equations to
our semi-physical model, a mass balance and a momentum equation. In order to
obtain these equations, we set some hypotheses, including that of a flow in the
direction of the slope. Therefore, in the present study we propose a new
formulation of the semi-physical model that includes a simplified description of
aerodynamics in addition to the thermal balance. This new model is then used to
study fire spreads over pine-needle beds under both wind and slope conditions.

The following section presents the reduction of the multiphase model we
proceed to obtain the simplified flow. The formulation of the semi-physical model
including the simplified flow is then presented in the third section. The fourth
section is devoted to the presentation of the experimental method that was used to
validate the results of simulations. Finally, the last section contains a

confrontation between simulated and experimental data, and the discussion.



2. The simplified flow

Our previous semi-physical model did not provide any information concerning
local wind conditions. Indeed, it was only based on the following thermal balance
(cf. Appendix):

aa—T+kVI7gﬁT=-k(T-7;)+KAT-Qaai+R (1)
t t

A simplified flow based on a reduction of the multiphase approach [6] will thus

be developed to determine the gas velocity I7g . The model reduction is performed

in two successive steps. At first, the mass balance is reduced by considering solely
a flow in the direction of the slope, this assumption allows us to develop a simple
equation describing local wind conditions. Furthermore, this configuration
corresponds to the experimental conditions used to validate the model [18].
Secondly, as the vertical component of the gas velocity appears as a variable to be
determined in the expression of the reduced mass balance equation, we simplify the

multiphase momentum equation to obtain it directly from the temperature field.

2.1. Determination of the horizontal velocity
We start from the multiphase model of reference [6], by using its mass balance

equation of the gas phase:
%(ag p )+, 07 )= Z[M]gk @)

To simplify this equation, we assume that the volume fraction of the gas phase

remains constant (indeed, for unburned fuel we have: «, =0.97 =1) and that

there is only one solid phase. Furthermore, we consider that the flow is quasi-



static (i.e. we assume that wind variations with respect to temperature occur
infinitely faster than temperature variations with respect to wind) and follows the

direction of the slope. So, equation (2) becomes:

3)

v, . v, . P, ap, _ [MLk

+ +V
Ps ox ¢ oz &7 ox & 0z

Then, to consider mean values of the state variables in the fuel bed, we
subsequently apply an averaging procedure along the thickness 6 of the fuel bed
(cf. figure 1) [17]. As the temperature profile is assumed in the semi-physical

model as being a constant throughout the height of the litter, we obtain:

o pgg a6 +p_g[MLk @

For the sake of clarity, the symbols identifying that the variables are averaged
have been omitted. We also assume that the vertical component of the gas velocity

follows a boundary layer profile (i.e. V, (O) = (). We thus obtain:

)

an,x + Vg,x apg ng((s)_i_L[M]gk
ax P, 0x o Oq

We then have to solve this differential equation. The variables are determined
in the following manner:
* The gas density is provided by the isobaric perfect gas law, since we are
dealing with quasi-isobaric flames:
p. I, = p,T, =constant (6)
* The mass increase in the gas phase is obtained from the sub-model of fuel

mass loss, assuming that the mass lost by the vegetal is gained by the gas

phase.
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We therefore obtain (cf. Appendix):

=7 (t=tyy)

. Las, ys,e
M| =——"k_77k0~ 7
e, S ot b @

In order to close the simplified flow model, we need to determine the

ascensional gas velocity at the top of the fuel bed V . ((5) present in equation (5).

2.2. Determination of the ascensional velocity
The multiphase momentum equation of the gas phase [6] is:

0 S\ = L.\ - = - - _

5(ocg PV, ) V.(ag PV, )- V.(agﬂg )— a,p,8 = Z[MVL + Z[Hlk (8)
By assuming, as above, that the volume fraction of the gas remains constant,

that there is only one solid phase and that the flow is quasi-static, we are able to

reformulate the momentum equation (8) in its rotational form. We also substract

the mass balance equation (2) to obtain:
I T N g _ ST
7. ot 7. )+ oV =V pg+ ), +[al -7 ], ©

Then, we disregard the momentum sources, the shear stresses in the gas phase
and we assume that the stresses at the solid/gas interface are represented solely by
the drag forces. We also assume that the flow is irrotational and we set the
hydrostatic pressure assumption. Thus, we obtain the following momentum

equation projected onto the vertical axis:

i(Vngx + V;,Z )= 2(& - l]g Cos¢sl - Cj ng,z (10)

0z .

11



This relationship implies that the vertical velocity only depends on the buoyancy
and drag force effects, and that the other effects are negligible [19]. We then have to
apply the averaging procedure along &, while assuming that the profile of the

vertical component of velocity is linear in the fuel bed. This generates:

—_p? 11
[V =310 ab

We therefore have (without any average symbol):

sl

Pa

g

8,z

C
~1|g cosg, -—,.(5) (12)

We set an additional hypothesis concerning the velocity in order to extensively
simplify our equation. We assume that the profile of the horizontal component of
velocity is constant along the thickness of the litter. So, the isobar perfect gas law

allows to obtain the following relation:

a

V. (6)=x.[206 Te 13
g,z =X T_ - g COS¢sl ( )
With:
3
= |[——— 14
¢ \/ 3+4C, (14)
We have finally estimated coefficient C ,, based on the physical properties of

pine needles [20]. To proceed, we used an empirical law which considers needles

as cylinders distributed in a random manner all along the fuel bed [21]. We
obtained the following estimation of coefficient y :

x =033 (15)

The aim of this work is to demonstrate that the definition of a simplified flow

allows to improve the predictions of a simple model in the configuration of wind-

12



driven fires, while keeping a short computational time. This approach is rather
original. Indeed, most of the models based on a thermal balance do not describe
the flow and often assume a constant wind over the spreading zone. This wind is
either considered equal to the dominant wind [22] or to a percentage of it [23].
Nevertheless, it is clear that this work represents only a step towards the simulator
which requires the description of the two horizontal components of the gas

velocity.

3. A semi-physical model of fire spread including a simplified flow

By coupling equation (1) with the simplified flow, we generate a new model
that contains a thermal balance for the medium equivalent to the litter, a mass
balance for the gas phase, a momentum equation along the vertical axis and the

isobaric perfect gas law. This leads us to:

oT = = s
S ARV NT = k(T ~T,)+ KAT -0~k + R (1)
av, vV, o vV, \o

e Pe __ g’Z( )— L 9, in the burning zone (5)

ax P, Ox o P, 0 0t

Vg,z(5)=x\/26(Tl—l)g cos g, in the burning zone (13)
p, T =p,T, in the gaseous medium (16)
R=0,s, =s,,¢ " for a burning cell (17)

R = P(¢)cos(0)T*(x-d,y,t),s, =s,, foraninertcell ahead of the front (18)
R=0,s, =5, for an unburned cell somewhere else(19)

With the following boundary and initial conditions:

T=T, at the boundaries far from the fire
V. =V, at the inflow of the domain

5 . . (20)
T(x,y,t =0)=T, foran unignited cell at time zero

T(x,y,t=0)=T, foranignited cell at time zero
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We can observe that gas density is defined by using the isobaric perfect gas
law. To proceed, we set the hypothesis of the thermal equilibrium between the gas
and solid phases in the fuel layer. So, we obtain the gas density directly from the
temperature provided by equation (1).

Moreover, the validity domain of the simplified equations was limited to the
combustion zone. Indeed, we developed relation (13), which provides the vertical
component of the velocity at the top of the fuel bed by assuming that the
buoyancy effects dominate the other effects. This hypothesis is valid only in the
combustion region and the calculation of the local wind can thus only be
implemented in it. Outside this zone, we assumed that horizontal velocity remains
constant and is equal to the velocity obtained at the interface between the burning
and the unburned fuel. Indeed, in the burned and unburned regions, the influence
of buoyancy onto the thermal transfers is assumed as becoming negligible and the

other effects, as drag forces, are neglected.

4. I.S.T. experiments
4.1. Experimental set-up

These experiments were carried out in a dedicated low speed wind tunnel [18]
(cf. figure 2). They were performed in order to observe wind driven fire across
fuel beds of pine needles. Furthermore, the tunnel allows the study of both
combined wind and slope effects thanks to a sloping fuel tray. The wind speed
values covered the range from 0 to 3 m s” (step 1 m s”) for upwind spreading.

The movable tray can be set at angles from 0 up to 75° (step 5°) with upslope

14



orientation. The fuel bed occupies the central part of the tray (0.70 m wide). It
consisted of a layer of Pinus pinaster needles, attempting to reproduce a typical
layer found in Portuguese stands, with a load of approximately 0.5 kg m™

corresponding to a fuel thickness of approximately & =5cm on a dry weight

basis and a fuel moisture content of (/0 £ 1%).

4.2. Experimental runs

The movable tray was positioned at the required angle and the wind velocity
fixed at the required value. The conditioned pine needles were spread uniformly
over the tray. To ensure a fast and linear ignition, a small amount of alcohol and a
flame torch were used. The fuel was ignited perpendicular to the flow at the wind
tunnel end (cf. figure 2). In order to obtain a uniform and established flame
propagation, the fuel bed was ignited sufficiently far away from the work section.
Three runs were carried out for each set of conditions. The experimental runs
were recorded by a video camera. The rate of spread was obtained from the
derivative of the curve “flame front position vs. time”. Twenty to thirty images
from each experimental run were analysed in order to determine the mean flame
angle, which is defined as being the angle between the tray and the leading
surface of the flame. Temperature measurements were taken using K type

thermocouples with a 250 um wire diameter.
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S. Numerical results and discussion
5.1. Previous results

The varying experimental configurations were simulated with our two previous
semi-physical formulations. In what follows, the first one which does not consider
any advective transfer will be called the radiative model [16]. And the second one
which includes this transfer, while assuming that the wind remains constant all
along the spreading domain, will be referred to the constant-wind model [17]. The
model’s dynamical coefficients were determined from experimental temperature
curves under slopeless and windless conditions, as explained in [13,16]. We
therefore dynamically identified the following values for the fuel considered in
the IST experiments:

k=97x10" s, K=14.5x10°m’ s, 0 =3.67x10° m’ K kg,
y =0.234 57, pp=9x107 K7 57/

The predicted and observed temperature profiles (measured at the top of the
fuel bed) are provided in figure 3 under slopeless and windless conditions. A
general agreement was observed on the envelope of these simulated and
experimental curves. We will not describe these results in detail here as they have
already been discussed in Balbi et al. [13]. The predictions for both the radiative
and constant-wind model are presented in figure 4 for no-slope conditions. With

respect to the radiative model, the results corresponded to the experimental data

1

up to a wind velocity of 1ms™ [16]. The model was not able to accurately

describe the increasing rate of spread with increasing wind velocity, however.

Furthermore, the experimental values were poorly matched for the highest wind

16



1

velocity of 3ms™ . The constant-wind model allowed an improvement in the

predictions. Two values for the coefficient k, were necessary, however: one to

correctly represent fire spread up to wind velocities of 2ms™, (k: =4x10~ ),

and a further value to represent it for the highest wind velocity of 3ms™',

(k: =11x10~ ) These results illustrated the need to incorporate a simplified flow

to circumvent this weakness; i.e. to keep a unique value of &, and to represent

the gas velocity variations in the burning zone.

5.2. Contribution of the simplified flow
5.2.1. Numerical implementation

Following the assumption of a quasi-static flow, the system of equations was
implemented in a simple manner, namely by assuming that the characteristic time
of the coupled system is the one of the energy equation. Solving the equation
describing local wind conditions was performed by using the 4™ order Runge-
Kutta method. For the thermal balance, we used a finite difference method. The

mesh size was of 0.01 m whereas the time step was of 0.002 s, in order to meet the
C.F.L. conditions for wind velocities of 3ms™'. The prevalence distance of
radiation was taken equal to d =0.01m. An “upwind” difference schema (finite

differences in the direction of flow) was used to take into consideration the extent

of convective transfers in the wind direction [24].
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5.2.2. Results and discussion

Different configurations were simulated for the range of slopes previously

presented and for wind velocities wa H of 1,2 and 3 m s, in order to compare the

predictions of the radiative model with the new formulation proposed here, that
we will call from now on the “simplified-flow” model. The values of the
coefficients k, K, O, y and py of the model remained the same as presented
previously. The value of the constant in the advection term was taken as being

equal to the highest value: k, =11x107. Indeed, we could not use the lowest

value, which under-estimated the rates of spread in the case of wind velocities of
3ms.

Coefficient y, present in equation (13), takes into account the influence of drag
forces in the fuel layer. It represents an additional coefficient to be determined and
it was estimated theoretically (cf. section 2.2). We therefore endeavoured to
examine the sensitivity of the model with respect to this coefficient. In the present
paper, we will limit ourselves to a presentation and a discussion concerning the
rate of fire spread as a function of this coefficient. Indeed, it represents the most
relevant data (cf. figure 5) we can compare with experiments. Below a value of
approximately y = 0.5, hot gases go through the fire front (cf. figure 6) and they
involve an increase in the rate of spread. In addition, the value that allows us to

attain the experimental rates of spread observed during the I.S.T. experiments

corresponds to a coefficient ) = 0.25, which is of the same order of magnitude as

the estimated value (y =0.33 in section 2.2). It should be noted that this

18



estimated value can only be considered as being an indication, due to the
approximations made in its calculation. We subsequently used this value in all
simulations, regardless of slope and wind conditions.

This drag force coefficient allowed us to obtain the spatial distributions of the
horizontal and vertical gas velocities exhibited in figures 6 and 7. We will only
examine these results qualitatively because of the lack of gas velocity

measurements in the combustion zone. Ascensional velocity (cf. figure 7 for a

1

wind of 2ms™ and zero slope) was maximal in the combustion zone and was

very low outside this zone. We thus qualitatively describe the gas behaviour
following its passage through the combustion zone as given by the multiphase

model [25]. The variation in horizontal velocity through the combustion zone is

1

presented in figure 6 for a wind of 2 ms™ and no slope. We limit ourselves to the

description of a single profile here as the profiles obtained under the other
experimental conditions were similar. The gas velocity exhibits a slight
acceleration before penetrating the flame zone. Then, it decreases rapidly as it
goes through the combustion zone, while keeping a positive value upon exiting
this zone. The physical behaviour of the horizontal velocity is thus also
qualitatively described. We also observed that the gases always went through the
combustion zone regardless of the wind velocity entering this zone. This
observation remains to be verified experimentally. We believe that one of the
reasons the model behaves in this way is due to the approximated modelling of

radiation, which leads us to overestimate convection when attempting to attain

experimental tendencies for wind velocities of 3ms™'. In addition, the
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ascensional velocity of the gas was modelled in a very simple manner and it
includes a certain degree of uncertainty (when dealing with ) estimation), which
could lead to an error with respect to the flow. Thus, it should be interesting to
determine this velocity more accurately.

Concerning the rates of spread, figure 8 provides the simulated results for
varying winds under no slope conditions, and figure 9 provides the predicted
versus observed rates of spread for all the slopes and winds considered. We
observe an overall agreement between predicted and observed rates of spread,
even if the model underpredicts fire spread for the highest velocity of 3 m s™. The
agreement is quite good for all slopes considered when the wind velocity is lower
than or equal to 2 m s”. A substantial improvement is thus made if one considers
that the previous radiative model was unable to depict this tendency accurately.
Indeed, the results of the simplified-flow model are nearer to the observed results.
Moreover, it provides a better prediction of the rate of fire spread which increases
with increasing wind for a given slope. In figure 8, we can observe that the
highest value of fire spread rate (3 ms”) is better represented than for the
radiative model as well. In figure 9, we notice that an increase in the predicted
rate of spread with increasing slope is also provided, even if it remains lower than
the increase observed in experimental values. Indeed, although it is roughly given
for no slope, 5° and 10° slope, it is rather under-estimated for the 15° slope.

Above, we asserted that this under-prediction for winds of 3 m s and steep
slopes was partially due to a poor modelling of radiation in the model [16].

Indeed, if one examines the temperature over time at a given point for a wind

20



velocity of 2 m s and a 10° slope (cf. figure 10), it will be possible to note that
radiation does not allow the model to describe the preheating that occurs ahead of
the fire front (left hand side of the curve), as observed in experimental curves.
With regard to the other parts of the temperature curve, namely the maximum and
cooling zones, they are poorly described by thermocouple measurements [26]. It
is thus hazardous to discuss them. Nevertheless, it should be noted that
measurements obtained using infrared thermal imaging yielded maximal
temperatures (approximately 1200 °C for needle beds of the same type as those
used in this study) which corresponds to the temperatures generated by the model
[27]. The lack of preheating by radiative transfer in our modelling is best
explained by examining figure 11, which describes the spatial distribution of both
convection and radiation transfers along the fuel bed at a given time and for a
wind velocity of 2 m s and no slope. It is clear that radiation is transferred to the
first cell ahead of the fire front in an abrupt manner (cf. equation 8). No
preheating effect caused by radiation is obtained, whereas preheating by
convection is described. However, despite this poor representation, neither energy
transfer is negligible when the two are compared to each other. This would tend to
confirm the results of other studies [28]. Including a long range radiation sub-
model, such as that developed by Morandini et al. [29], will probably provide a
better description of heat transfers in the fuel bed.

The thermal equilibrium assumption can provide further discrepancies.
However, we set this hypothesis for the experiments considered in the present

study since a multiphase numerical investigation [25] has shown that the maximal
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difference between the two phases was roughly of 20 % in the whole fuel layer.
This assumption allowed us to represent the experimental tendencies correctly.
Nevertheless, it is possible that other experimental configurations will reveal the
necessity to model the gas phase and the solid phase temperatures separately, in
much the same way as we have demonstrated that a simple description of the flow
was missing in our model. But, following our modelling approach, we will not
perform this study until the previous improvements (concerning radiation
modelling and ) estimation) have proved to be insufficient. Another phenomenon
that is of importance for high wind-driven fire spreads is the development of a
mixed flow boundary layer above the fuel bed. It could explain to a great extent
the discrepancy between the predicted and experimental rates of spread for a

-1

3m.s~ wind. Indeed, for high winds the flame is deflected and this boundary

layer increases considerably radiative and convective transfers at the fuel surface.

6. Conclusions

In the present study we were able to develop a simple description of the flow
while a fire spreads. This led us to enhance our semi-physical model. We thus
defined a supplementary state variable in our modelling, namely the gas velocity
in the combustion zone. In order to allow a simple formulation, we limited
ourselves to a flow in one horizontal direction. This configuration was the only
experimental one that allowed us to validate our approach. The main contribution
of the model consists in its ability to describe physical behaviour that was not

represented previously in our approach, such as the aspiration of cold gas by the
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flame and the abrupt decrease in gas velocity as it throws the combustion zone. In
addition, this study allowed us both to obtain better predictions of fire spread rates
than the radiative model and to provide an improved representation of
experimental tendencies. We are thus able to assert that, by including a simplified
flow, we improved the model’s capacity to describe the physical phenomena
involved in fire spread. We have also shown in which direction future efforts must
be oriented to continue to improve the model. A further model improvement,
however, will need to take long range radiation into consideration, since the
model just describes the preheating of the unburned fuel through convective
transfers. The development of a mixed flow boundary layer above the fuel bed
have to be studied too. Indeed, it represents an important aspect of the high wind-
driven fires as it affects the thermal balance at the fuel surface.

Finally, the present work will also permit to include in the model phenomena
that have been neglected up to now, in particular the effect of cold gas aspiration
in the reacting zone. It also represents a first step towards the development of flow
in the two horizontal directions that we are currently studying in the hope of
integrating it into the fire spread model. Finally, an additional valuable aspect of
this study is that the simplified description of the aerodynamics applied to our
model can be used within the framework of other semi-physical models based on

a thermal balance.
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Appendix. The semi-physical model

Due to the amount of physical phenomena and state variables involved in fire
behaviour, and if we want to reach our goal which is to elaborate a forest fire simulator, it
will be necessary to make some simplifying hypotheses in order to generate a
comprehensive and simple model. These hypotheses lead us to combine these physical
phenomena and to consider a thermal balance which provides the framework of the
model. In order to develop such a thermal balance, elementary cells composed of soil and
plant matter are defined. As a whole, these cells are considered to represent a thin,
isotropic and homogenous medium equivalent to the litter. The energy transferred from a
cell to the surrounding air is considered as being proportional to the difference between
the temperature of a cell and the ambient temperature. Combustion reaction is assumed to
occur above a threshold temperature (7;5). Above this threshold, we assume that the fuel
mass decreases exponentially and that the quantity of heat generated per unit fuel mass is
constant. The heat transferred between a cell and its neighbouring cells is caused by three
mechanisms: radiation, convection and conduction. We assume that these exchanges can
be represented by a single equivalent diffusion term, under no slope and no wind
conditions. However, due to obvious geometric reasons, a supplementary radiation term
was considered for upslope and low upwind fires. In order to evaluate this term, we
consider the flame as being a vertical radiant surface, the temperature of which is equal to
the temperature of the burning cell located below it. This temperature is given by the
model. By using a Stefan-Boltzmann law, we assume that the radiant heat flux is
proportional to 7* and that it prevails over a short distance d. In a previous study [14], we

established that an unburned cell in the direction of the slope receives an additional
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radiant heat flux from a burning cell directly before it, this flux being proportional to the
cosine of the angle 6 located between the normal of the front and the direction of the
slope:

R = P(¢)cos(O)T* (x -d, y,t) (A1)
where T(x-d,y,t) is the temperature of the burning cell located just before the
unburned cell under consideration, P(¢) being a function of the flame tilt angle, the
emissivity of the flame, the absorptivity of the fuel and the view factor. It is not
reasonable to take all these parameters into consideration in our macroscopic approach.
Hence, P(¢) has been determined by basing on laboratory fire experiments from an
empirical law [16]. For upwind fires, a convective term was also added to the model [17].
We obtained the following model of fire spread:

. 0
‘Z—T +kV VT = -k(T-T,) + KAT—Q%H% (A2)
t t
R=0,s, =5,€ for a burning cell

R = P(¢)cos()T*(x-d,y,t),s, =s,, foraninertcellaheadof the fire front

=y (t=t;g)

R=0,s, =5, for an unburned cellsomewhere else
I7g = 1700 on the whole domain

With the boundary and initial conditions:

T=T, at the boundaries far from the fire
T(x,y,t =0)=T, foran unignited cell at time zero
T(x,y,t=0)=T,

.o foranignited cell at time zero
where t,, 1s the time for which 7' = Tj,. The model parameters (k, K, O and y) are
determined using the experimental temperature measurements over time for a fire

spreading in a linear fashion under no slope and no wind conditions [13]. Due to

our approach, these parameters are fuel-dependent and must therefore be
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identified for each fuel. Thus, the usual fuel descriptors such as mass per unit
area, particle size, compactness, physical-chemical properties and moisture

content are intrinsically taken into account. P(¢) has been determined using the
following empirical law [16]:

P(¢) = p,sin‘ (¢) (A.3)
where p, is a constant and ¢ represents the flame tilt angle under upslope and wind-
aided conditions. With regard to ¢, a simple relation was used to determine this term:

this angle was considered as being the sum of the tilt angle due to slope (equal to the
slope angle) and the tilt angle due to wind effects (estimated from the competition
between wind velocity and buoyancy flow velocity under no slope condition, both taken

at mid-flame [16]). Concerning the convective term, we assumed, as a first step, that the
maximum wind velocity ¥ could be used in equation (A.1) to roughly represent wind
velocity I7g, present over the entire fire spread domain. The coefficient &, was deduced

from the multiphase model, assuming that the gas is perfect, that its specific heat remains

constant and that the quasi-isobaric approximation is valid [17]. We thus obtain the

following relation:
a, p,0C .
kv=m.£=kv.£ (A.4)
m T T

eq
in which m,, is the surface thermal mass of the semi-physical medium equivalent to the
litter, defined as the sum of the fuel bed thermal mass and of the ground thermal mass. It
should be noted that, for the experiments considered in this paper, the thermal mass of the

ground represents 90% of m,.
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Figure captions

Figure 1. The two dimensional reduction procedure

Figure 2. Experimental wind tunnel

Figure 3. Experimental and predicted temperature curves under slopeless and
windless conditions

Figure 4. Rates of spread of the radiative and the constant-wind model for no
slope under various wind conditions

Figure 5. Spread rate as a function of the parameter y for a wind of 2 m s™ and
no slope

Figure 6. Spatial distribution of horizontal velocity V, . using y =025 for a

wind of 2m s~ and no slope

Figure 7. Spatial distribution of the vertical velocity V, _ using x =0.25 for a

wind of 2 m s and no slope

Figure 8. Spread rate for the radiative and simplified-flow models under slopeless
conditions and for various wind velocities

Figure 9. Predicted versus observed rates of spread for all of the experiments
carried out

Figure 10. Experimental and predicted temperature curves for a 10° slope and
2m s wind speed

Figure 11. Heat flux density of advection, radiation and sources along the fuel

bed at a given time for no slope and 2 m s wind speed
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