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Abstract

This work proposes a new method for determining the fire front positions for optically thin flames and the rate of spread (ROS) of forest or
vegetation fires. It is based on an application for linear flame fronts that are generated in a fire tunnel with known dimensions using Quercus
coccifera shrubs as vegetal fuel. In the first step of the method, the heat fluxes coming from the flame are measured by a specific thermal sensor
in four horizontal directions. In the second, these heat fluxes are calculated theoretically using an approximate resolution of the radiative transfer
equation. Subsequently, the positions of the fire front and the flame characteristics are determined by applying an inverse method. The rate of
spread is deduced by applying a least-square regression on the position values. An extrapolation of this new method to more complex experimental
scenarios such as prescribed burnings is proposed.
© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Over the last decade, immense forested areas of the planet
have one by one blazed up. In 1997, the forests of Malaysia and
Indonesia were the first to be devastated by massive fires; next,
in 1998, the Brazilian Amazon, the Palawan Island in Philip-
pines were in turn burned, and later the same year it was Mex-
ico. In 2003, 2004 and 2005, hundreds of thousands of hectares
of forests of Mediterranean countries, such as Morocco, Alge-
ria, Portugal, Spain, Italy, Greece and France, were in flames
throughout the summer. Simulation of forest fire propagation
can serve several purposes. The prevision of the fire front po-
sition can help firemen to optimise the distribution of fighting
means, which supposes real time simulation. Another applica-
tion of simulation relates to fire prevention. Using terrain data,
computer models of propagation could provide information on
dangerous areas. The possibility for such models to take into
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account some aspects of means of fire fighting, such as chem-
ical retardants, is highly desirable. However, currently the fire
spreading simulators are far from being scientifically satisfac-
tory. The main information provided by propagation models is
the fire line position and any measurement system intended to
validate the models should, at least, provide this position not
only for laboratory experiments but also for real field experi-
ments. Using heat flux measurements a first attempt at doing
such identification for prescribed burning is reported in this pa-
per.

It is generally admitted that the leading driving physical
process involved in the propagation of forest fire is radiative
transfer, cf. [1,2]. Therefore it seems relevant for such propa-
gation to measure the radiative heat flux. Moreover a typical
size for such experiments is fifty meters long (size of the plot to
be burnt) and it is difficult to design apparatus giving thermal
information on this scale, for example. The main idea is to re-
place local measurements, such as one given by thermocouples,
by global flux measurements. We have thus designed a thermal
sensor which measures the heat flux, cf. [3]. The aim of this pa-
per is to show how this apparatus can provide the position of
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Nomenclature

a absorption coefficient
B Stefan–Boltzmann constant
Cco copper plate capacity
Cst steel frame capacity
ej flame thicknesses
f frequency
fc cut-off frequency
H magnitude of the transfer function for the filter
hf flame height
i radiative intensity
ib radiative intensity of Blackbody
i, j,ni, s unit vectors
K extinction coefficient
Kair air extinction coefficient
Kf flame extinction coefficient
Kv vegetation extinction coefficient
lf flame length
N number of the fire front positions (N = 10)
R̂,Re1,Re2 thermal resistances
ROS rate of spread
S objective function
Sf flame surface
�ti,i+1 time separating two successive temperature peaks
Tf temperature of flame
Tv temperature of vegetation

W half the width of the combustion vat
Yj flame front positions

Greek symbols

ϕ
exp
i experimental heat flux received by copper plate n◦ i

θcoi
temperature of copper plate n◦ i

θst steel frame temperature
Φ th

a theoretical heat flux received by the front face of the
sensor

Φ th
l theoretical heat flux received by the lateral faces of

the sensor
Φ

exp
1 experimental heat flux received by face n◦ 1 of the

sensor
Φ

exp
2 experimental heat flux received by face n◦ 2 of the

sensor
Φ

exp
4 experimental heat flux received by face n◦ 4 of the

sensor
Φ̃ phase function
ωi,ω solid angle
dΩ elementary volume of flame
Ωf flame domain
αf flame tilt angle
η vector of flame parameters
αj ,βj weighting coefficients
σS scattering coefficient
the fire front and can be used to identify some parameters of a
flame model. Identification has been done with experiments in a
fire tunnel with real vegetation but for a line fire front, we post-
pone to a further work the study of the identification of fire front
with any shape. However we will present the objective function
to be minimised in this general case.

The second section is devoted to the description of a de-
signed thermal sensor. We will present in this paper only the
specifications of the sensor and its transfer function. A detailed
description of this apparatus was presented in [4]. In the third
section we will derive a flame model from the radiative trans-
fer equation. In the fourth section the instrumentation of the fire
tunnel will be described as well as the experiment concerned.
In section five we will consider the flame model developed in
the third section and using the inverse method we will identify
some parameters involved in this model. Moreover the position
and the rate of spread will be measured for a fire tunnel experi-
ment. An extension of the methodology for identifying the front
in real experiments of fire is proposed in this section.

2. Description of the thermal sensor and the experimental
heat fluxes

As explained in the introduction, the aim of the heat flux
sensor is to determine the fire front positions and the flame char-
acteristics. In order to instrument real fires, this sensor should
satisfy the following conditions:
• it must be simple and convenient for installation and use;
• it must be as cheap as possible;
• it should not be destroyed by the flames;
• its scale is adapted to the one used in physical models of

propagation [5–8];
• it can allow an average evaluation of heat flux, temperature

of gases and their velocity;
• all of the acquisition is sent to a computer by a wireless

connection (radio communication).

The heat flux sensor is made of a steel frame (thickness =
2 mm, thermal conductivity = 46 W m−1 K−1), a thermal in-
sulating sheet (thickness = 6 mm, thermal conductivity =
0.23 W m−1 K−1), glue sheets (thickness = 5 mm, thermal
conductivity = 0.29 W m−1 K−1), 4 small copper plates
(thickness = 1 mm, thermal conductivity = 389 W m−1 K−1)

and 9 type K thermocouples (diameter = 0.5 mm). The differ-
ent analogical signals measured by this sensor are digitalised
in a digitalisation module and transmitted to the computer by a
transmitter antenna, cf. Fig. 1.

The transfer function, as is detailed in appendix, giving the
heat flux received by each copper plate ϕ

exp
i [W] (i = 1,4) as a

function of the measured temperature of the plate θcoi
, can be

written by:

ϕ
exp
i (t) = Cco

dθcoi +
(

1 + 1
)

θcoi
− 1

θst (1)

dt R̂ Re1 R̂
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Fig. 1. Photograph of the heat flux sensor.
Table 1
Values of the parameters of the transfer function

Re1 [K/W] Cco [J/K] R̂ [K/W]
107.8 6.6 27.4

where Cco [J/K] is the capacity of the copper plate, R̂ [K/W]
is a thermal resistance modelling the contact between the cop-
per plate and the steel frame, Re1 [K/W] models the heat
transfer between the sensor and the outside and θst [K] is the
steel frame’s temperature. The different parameters involved
in the transfer function have been obtained by calibration ex-
periments, cf. [3]. The values of these parameters are given in
Table 1.

3. Mathematical modelling of the heat fluxes

The heat flux sensor, described above, is placed in the middle
of the fire tunnel at a fixed point M(x0, y0) on top of the vege-
tation, cf. Fig. 2. We must calculate the theoretical heat fluxes
emitted by the flame and received by the different faces of the
sensor. In this model, the thermal effects of the lateral walls can
be neglected.

The flame model considered in this paper is based on an ap-
proximate resolution of the radiative transfer equation, cf. [9],
as explained below. In this mathematical modelling, the flame
is assimilated to a parallelepiped with a variable thickness ej ,
characterised by a height hf , a tilt angle αf , a temperature Tf ,
and an extinction coefficient Kf and supposed to move at the
constant rate of spread R in each propagation zone. This rate of
spread can be obtained by a least-squares regression based on
the values of the flame front positions Yj .

Let us consider some point M inside or just above the veg-
etation. A line O1M crosses the flame in s1, s2 and the top of
the vegetation in s3, cf. Fig. 3. In this geometry, the radiative
transfer equation can be written:
Fig. 2. Diagram of the vegetation-flame-sensor system.
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Fig. 3. Geometry for integration of the radiative transfer equation.
di

ds
= −K(s)i(s) + a(s)ib(s)

+ σS(s)

4π

4π∫
ωi=0

i(s,ωi)Φ̃(ω,ωi)dωi (2)

where i is the radiative intensity, K , a and σS are respec-
tively the extinction coefficient, the absorption coefficient and
the scattering coefficient. Φ̃ is the phase function and ωi is the
solid angle.

For ambient air, flame and vegetation the radiation coeffi-
cients K and a are supposed constant and the scattering coeffi-
cient σS is supposed to be null, cf. [6,10], so that the absorption
coefficient becomes equal to the extinction coefficient. This
hypothesis is not valid for optically intermediate flames. The
extinction coefficient takes the following values:

(i) In [0, s1], K = Kair = 0.
(ii) In [s1, s2], K = Kf .

(iii) In [s2, s3], K = Kair = 0.
(iv) In [s3, s], K = Kv .

The radiative intensity at point M is then:

i(s) = Kf e−Kv(s−s3)

s2∫
s1

ib(s̄)e
−Kf (s2−s̄) ds̄

+ Kv

s∫
s3

ib(s̄)e
−Kv(s−s̄) ds̄ (3)

with ib(s̄) = ib(Tf ) in [s1, s2] and ib(s̄) = ib(Tv) in [s3, s]
where ib is the radiative intensity of Blackbody. For sake of
simplicity we can consider that the flame temperature is con-
stant so that (3) can be written:

i(s) = BT 4
f

π

(
1 − e−Kf (s2−s1)

)
e−Kv(s−s3)

+ Kv

s∫
ib(s̄)e

−Kv(s−s̄) ds̄ (4)
s3
In a thin flame approximation (1 − e−Kf (s2−s1)) ≈ Kf (s2 −
s1) = Kf

∫ s2
s1

ds̄ and (4) becomes:

i(s) = Kf

BT 4
f

π
e−Kv(s−s3)

s2∫
s1

ds̄ + Kv

s∫
s3

ib(s̄)e
−Kv(s−s̄) ds̄ (5)

The radiative heat flux received by face n◦ i of the thermal
sensor with unit normal ni is:

ϕi(M) =
4π∫

ω=0

i(s)s · ni dω (6)

where dω is the elementary solid angle in the direction s. If we
insert expression (5) in (6), we obtain:

ϕi(M) = Kf

B

π

4π∫
ω=0

s2∫
s1

T 4
f e−Kv(s−s3)s · ni ds̄ dω

+ Kv

4π∫
ω=0

s∫
s3

ib(s̄)e
−Kv(s−s̄)s · ni ds̄ dω (7)

The last term of (7) is the contribution of the vegetation to
the radiative heat flux. In order to characterise only the flame,
this last term should be taken away. Let us notice that because
we assume that the vegetal homogenised medium is isotropic,
the contribution of the vegetation is the same in all directions
and is given by the rear plate number 3. Thus the theoretical
heat flux Φ th

i received by the thermal sensor coming from the
flame can be written:

Φ th
i (M) = ϕi(M) − ϕ3(M)

= Kf

B

π

4π∫
ω=0

s2∫
s1

T 4
f e−Kv(s−s3)s · ni ds̄ dω (8)

If one replaces ds̄ dω by dΩ

PM2 where dΩ is an elementary
volume of flame, the expression (8) becomes:
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Fig. 4. Calculation geometry of the flame.
Φ th
i (M) = Kf

B

π

∫
Ωf

T 4
f

s · ni

PM2
dΩ (9)

with Ωf being the domain occupied by the flame.
We used the following denotations: PM = ρ, OP = ξF,

αf = (n,F) where F is the unit vector directing the flame, cf.
Fig. 4. The unit vector f is the projection of F on Π so that
φf = (i, f). OM = rw where w is the unit vector of the line
OM, β = (F,w) and φ = (i,w). In the triangle POM we define
the angles α = ̂OPM and θ = ̂OMP so that α + θ + β = π . Let
us note that:

F = sinαf f + cosαf n

s = PM
ρ

= OM − OP
ρ

= r

ρ
w − ξ

ρ
F (10)

Thus:

s · ni = r

ρ
w · ni − ξ

ρ
F · ni (11)

Let us notice moreover that:

hf = lf cosαf (12)

where lf is the length of the flame. This length is equal to the
flame height hf on experiments of fire without wind. So the
theoretical heat flux Φ th

i can be expressed as:

Φ th
i (M) = Kf

B

π

∫
Sf

dx dy

cosαf

lf∫
0

T 4
f

ρ3
(rw · ni − ξF · ni)dξ (13)

with Sf the area of flame on top of the vegetation. For the lateral
faces of the heat flux sensor, we consider only half of this area.

In the present situation, the unit vector ni has two values:
ni = i (for the lateral faces) and ni = j (for the front face). Let
us consider now these two configurations:

(1) Case where ni = i.
We must calculate:
Φ th
l (M) = Kf

B

π

∫
1
2 Sf

dx dy

cosαf

lf∫
0

T 4
f

ρ3
(rw · i − ξF · i)dξ (14)

If we insert F = sinαf f + cosαf n in this equation, we ob-
tain:

Φ th
l (M) = Kf

B

π

∫
1
2 Sf

dx dy

cosαf

×
lf∫

0

T 4
f

ρ3
(r cosφ − ξ sinαf cosφf )dξ (15)

The sinus law in the triangle OPM provides the relation ρ
sinβ

=
r

sinα
= ξ

sin θ
so that:

ρ = r sinβ

sin(β + θ)
, ξ = r sin θ

sin(β + θ)

dξ = r
sinβ

sin2(β + θ)
dθ (16)

After some calculations, we can obtain this expression:

Φ th
l (M) = Kf

B

π

∫
1
2 Sf

T 4
f

dx dy

r sin2 β cosαf

× [
(cosφ cosβ − sinαf cosφf )(1 − cos θf )

+ cosφ sinβ sin θf

]
(17)

with cosβ = sinαf cos(φ −φf ), sin2 β = 1− sin2 αf cos2(φ −
φf ), cot θf = r cosαf

hf sinβ
− cotβ .

(2) Case where ni = j.
In this case we must calculate:

Φ th
a (M) = Kf

B

π

∫
S

dx dy

cosαf

lf∫
0

T 4
f

ρ3
(rw · j − ξF · j)dξ (18)
f
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Let us notice moreover that w · j = sinφ and F · j =
sinαf sinφf ; the theoretical heat flux received by the front face
of the thermal sensor can be written:

Φ th
a (M) = Kf

B

π

∫
Sf

T 4
f

dx dy

r sin2 β cosαf

× [
(sinφ cosβ − sinαf sinφf )(1 − cos θf )

+ sinφ sinβ sin θf

]
(19)

In this paper, we study only the case of propagation with-
out wind αf = 0. So, we have cosαf = 1, sinαf = cosβ = 0,

sinβ = 1 and θf = arctag(
hf

r
). The heat fluxes Φ th

a (M) and
Φ th

l (M) can be expressed now as:

Φ th
a (M) = Kf

B

π

∫
Sf

T 4
f

sinφ

r
sin θf dx dy (20)

Φ th
l (M) = Kf

B

π

∫
1
2 Sf

T 4
f

cosφ

r
sin θf dx dy (21)

where r = √
X2 + Y 2, sinφ = Y

r
, cosφ = X

r
with X = x0 − x

and Y = y0 − y. If we use the new variables X and Y in these
expressions, we obtain:

• Face 1 (front face):

Φ th
a (Yj , ej , hf , Tf ,Kf )

= 2Kf

B

π

Yj − ej
2∫

Yj + ej
2

0∫
W

T 4
f

Y

X2 + Y 2
sin θf dX dY (22)

• Faces 2 and 4 (lateral faces):

Φ th
l (Yj , ej , hf , Tf ,Kf )

= 2Kf

B

π

Yj − ej
2∫

Yj + ej
2

0∫
W

T 4
f

X

X2 + Y 2
sin θf dX dY (23)
4. Instrumentation and experiments in a fire tunnel

The measurement systems are composed of several appara-
tuses. The first one is an outside fire tunnel designed by the
C.E.R.E.N. laboratory. This fire tunnel can experiment with a
wind of 8 m/s velocity, and there is a linear ignition system, cf.
Fig. 5.

The fuel used in this tunnel is Quercus coccifera, domi-
nant vegetation in the Mediterranean region, where its average
height is 90 cm. A straw layer 10 cm thick with a load (surface
density) of 1.5 kg/m2 was used as vegetable litter.

A heat flux sensor, a video camera and five thermocouples
dedicated to the determination of the rate of spread have been
used. The position of the different devices is indicated in Fig. 6.

Several fire experiments have been carried out in the fire tun-
nel in order to study the effect of the wind (6 experiments for a
Quercus coccifera load of 3 kg/m2 and wind values of 0, 0.5,
1, 1.5, 3 and 5 m/s) and the Quercus coccifera load (4 experi-
ments without wind for load values of 3, 4, 5 and 6 kg/m2). In
the present work we will only report on the experiment with-
out wind where the Quercus coccifera load is equal to 3 kg/m2

to determine the fire front positions and the flame parameters in
each zone.

The signals measured by the heat flux sensor are noisy due to
the flame oscillations caused by the turbulent flow surrounding
the flame. The oscillation frequency of the flame can be esti-
mated at 1 Hz. This low frequency perturbation must be filtered.
A low frequency filter, a Butterworth filter, has been considered.
The magnitude of the transfer function for this filter is:∣∣H(f )

∣∣2 = 1

1 + (
f
fc

)2n
(24)

In this relation, n is the order of the filter which will be chosen
equal to 2 and f , fc are respectively the frequency and the cut-
off frequency. We have chosen a cut-off frequency fc = 3fp

where fp = 0.0042 Hz is the characteristic frequency of the
propagation. The different heat fluxes given by the thermal sen-
sor are illustrated in Fig. 7.

The distance between the thermocouple i and the thermo-
couple i + 1 (i = 1,4) is 75 cm so that the rate of spread in
each zone can be given by:

ROS [cm/s] = 75
(25)
�ti,i+1
Fig. 5. Diagram and picture of the outside fire tunnel.
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Fig. 6. Diagram showing the positions of the different devices in the fire tunnel.
Fig. 7. Heat fluxes given by the thermal sensor in the fire experiment.

Fig. 8. Different temperatures given by the thermocouples.

Table 2
Experimental values of the rate of spread in the different zones

Zone I Zone II Zone III Zone IV

Rate of spread [cm/s] 1.50 0.89 1.03 1.97

where �ti,i+1 is the time separating two successive temperature
peaks. The temperatures measured by the different thermocou-
ples are plotted in Fig. 8 and the rate of spread values are given
in Table 2.

5. Identification of the fire positions and flame
characteristics

The experimental heat fluxes measured in the fire tunnel
experiments described in Section 4 will be used with mathe-
matical modelling to identify the different parameters involved
in this one for each propagation zone. These parameters are
the flame front positions Yj , its thickness ej , the flame height
hf , the temperature Tf and the extinction coefficient Kf of the
flame.

5.1. Objective function and optimisation algorithm

In order to identify the fire positions and the flame charac-
teristics the following objective function S will be minimised:

S(η) =
N∑

j=1

(
Φ th

a (ηj ) − Φ
exp
1 (tj )

)2

+
N∑

j=1

α2
j

(
Φ th

l (ηj ) − Φ
exp
2 (tj )

)2

+
N∑

j=1

β2
j

(
Φ th

l (ηj ) − Φ
exp
4 (tj )

)2 (26)

where Φ
exp
k (tj ) = ϕk(tj ) − ϕ3(tj ) with k = 1,2,4 are the ex-

perimental heat fluxes measured by the thermal sensor and
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Table 3
Values of the flame front positions in the different zones

Flame front positions Yj [m]
Zone I (3.5–2.75 m) 3.49 3.39 3.32 3.21 3.13 3.08 2.99 2.88 2.79 2.71
Zone II (2.75–2 m) 2.74 2.64 2.62 2.47 2.45 2.36 2.27 2.20 2.07 2.00
Zone III (2–1.25 m) 1.92 1.84 1.79 1.72 1.62 1.53 1.46 1.38 1.31 1.21
Zone IV (1.25–0.5 m) 1.21 1.14 1.06 0.97 0.89 0.82 0.74 0.67 0.60 0.54

Table 4
Values of the flame thicknesses in the different zones

Thicknesses of flame ej [cm]
Zone I (3.5–2.75 m) 28 29 30 30 30 30 29 27 25 23
Zone II (2.75–2 m) 23 20 18 15 14 13 13 14 15 17
Zone III (2–1.25 m) 17 19 22 26 30 35 41 46 50 50
Zone IV (1.25–0.5 m) 50 48 45 41 37 33 29 25 21 18
ηj = (Yj , ej , hf , Tf ,Kf ) is the vector of the flame parameters,

whose length is equal to 23 if we chose N = 10. αj = Φ
exp
2 (tj )

Φ
exp
1 (tj )

and βj = Φ
exp
4 (tj )

Φ
exp
1 (tj )

are the weighting coefficients.

We used a direct search method to solve the optimisation
problem given by Eq. (26). This method does not require any
information about the gradient of the objective function. As
opposed to more traditional optimisation methods that use in-
formation about the gradient or higher derivatives to search for
an optimal point, a direct search algorithm searches a set of
points around the current point, looking for one where the value
of the objective function is lower than the value at the current
point.

In particular, we employed a special direct search algorithm
called the pattern search algorithm, cf. [11,12]. This algorithm
computes a sequence of points that get closer and closer to
the optimal point. At each step, the algorithm searches a set
of points, called a mesh, around the current point—the point
computed at the previous step of the algorithm. The algorithm
forms the mesh by adding the current point to a scalar multiple
of a fixed set of vectors called a pattern. If the algorithm finds
a point in the mesh that improves the objective function at the
current point, the new point becomes the current point at the
next step of the algorithm.

5.2. Results and discussion

After the convergence of the algorithm described above, we
obtain the different results presented in Tables 3–5. If we use
the parameters of these tables to calculate the theoretical heat
fluxes given by Eqs. (22) and (23), we can plot their curves
with the experimental heat fluxes in Fig. 9.

The rates of spread ROS in the four propagation zones are
deduced using a linear regression based on the values of the
fire front positions. Fig. 10 shows these linear regressions. The
different values of the rate of spread are presented in Table 6
with their relative uncertainties.

Let us analyse now the different results. The fire front po-
sition values in the four propagation zones are coherent values
and the estimated flame thicknesses are close to the observed
Table 5
Values of height, of temperature and of extinction coefficient of the flame in the
different zones

Zone I Zone II Zone III Zone IV

Flame height hf Experimental value [m] 1.60
Estimated value [m] 1.6 1.59 1.50 1.49
Relative uncertainty [%] 0 0.63 6.25 6.9

Flame
temperature Tf

Experimental value [◦C] 751
Estimated value [◦C] 747 752 751 751
Relative uncertainty [%] 0.53 0.13 0 0

Flame extinction
coefficient
Kf [m−1]

Value of Margerit and
Séro-Guillaume [6]

0.2

Estimated value 0.2 0.2 0.2 0.2

Fig. 9. Theoretical and experimental heat fluxes versus time.

values. The relative uncertainties between the flame heights es-
timated experimentally by camera and the ones obtained by the
theoretical model do not exceed 7%. This value is lower than
the appreciation error for traditional yellow flames, 10 to 20%,
indicated by Williams, cf. [13]. Let us notice moreover that the
identified flame temperatures are very close to the experimen-
tal value measured by a thermocouple placed in the flame at a
height of 70 cm above the vegetation surface. The extinction
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Fig. 10. Fire front positions versus time in the four propagation zones.

Table 6
Estimated values of the rate of spread in the different zones

Zone I Zone II Zone III Zone IV

Rate of spread [cm/s] 1.54 0.87 0.97 1.80
Relative uncertainty (%) 2.4 1.9 5.5 8.5

coefficients of the flame obtained by inverse method in the dif-
ferent propagation zones are equal to the one given by Margerit
and Séro-Guillaume, cf. [6]. The relative gap between the rate
of spread given by the linear regression and the one measured
by the thermocouples is inferior to 3% in the first and second
propagation zones. This value has been exceeded in the third
and fourth zones. We can explain this by the uncertainty of the
measurements taken by the thermocouples in these zones. The
rates of spread have been evaluated assuming that the position
of the fire front is given by the successive peaks of temperature.
However, one can notice on Fig. 8 that determining the temper-
ature peaks is not easy from the signals given by thermocouples
3 and 4.

The preceding results have been obtained in a fire tunnel
where the fire front is a straight line. In a real terrain experiment
the fire front will be of any shape, cf. Fig. 11. The preceding al-
gorithm can be extended to this more complex case. In such
a terrain, we place L heat flux sensors in {x1, . . . ,xl , . . . ,xL}
points so that the objective function can be written:

S(η) =
L∑

l=1

[
N∑

j=1

(
Φ th

1 (ηj ,xl) − Φ
exp
1 (tj ,xl )

)2

+
N∑

j=1

α2
j

(
Φ th

2 (ηj ,xl ) − Φ
exp
2 (tj ,xl)

)2

+
N∑

j=1

β2
j

(
Φ th

4 (ηj ,xl) − Φ
exp
4 (tj ,xl )

)2

]
(27)

where η is the parameters vector containing the different fire
front positions and N is its length. Φ

exp
(t,xl ) and Φ th(η,xl )
k k
Fig. 11. The fire front and the positions of the heat flux sensors in a real terrain
experiment.

with k = 1,2,4 are respectively the experimental and the the-
oretical heat fluxes given by the thermal sensor placed on xl .
These theoretical heat fluxes are given by the following expres-
sion:

Φ th
k (η,xl ) = Kf

B

π

∫
Ωf

T 4
f

(x − xl) · nk

‖x − xl‖3
dΩ (28)

with Ωf being the burning zone.
Using an adequate optimisation algorithm, the minimisation

of the objective function S given by (27) can provide the fire
front positions and the flame parameters for a real fire. A the-
oretical analysis of the problem has been provided in [14].
In this study a front is considered and some fluxes are cal-
culated on a regular grid containing fire using (28) then the
interface or the fluxes values are perturbed to simulate measure-
ment errors. It has been demonstrated that within the context
of a flame model, i.e. using (28), the position of the inter-
face can be recovered setting the question as a geometric con-
trol problem. In the future, we will validate this technique on
one complex experimental scenario, such as prescribed burn-
ings.

6. Conclusion

Some attempts have been made at reconstructing a fire front
by image processing video recorded fire, cf. [15,16]. This task
is hard because due to smoke the video is really noisy. The
work presented here is a first attempt to propose an alterna-
tive to image processing in vegetation fire metrology. From the
measurement of the heat flux received by a thermal sensor in
four directions of space we were able to determine some char-
acteristics of the flame, the positions and the rate of spread of a
line fire front.

The aim of this paper is not to discuss the validity of the
flame model in propagation models so we have considered
a model of isothermal flame. This model, using the inverse
method, provides realistic parameters for fire front positions,
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flame height, thicknesses of the burning zone, extinction or ab-
sorption coefficient (σs = 0) and temperature of flames. How-
ever, the present model of flame seems to be a good candidate
to modelling the radiative transfer in the propagation models.
Let us notice that, as the radiative heat flux is one of the leading
processes involved in propagation, it is important for propaga-
tion models relying on energy balance [5–8] to have the best
flame model possible. The system presented here could help
validate a flame model.
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Appendix A. Calculation of the transfer function of the
thermal sensor

The thermal behaviour of the four heat flux sensors can be
represented by a resistor–capacitor model, cf. Fig. A.1.

In the Laplace domain we can write:(
θ̄coi

θ̄st

)
= Z ∗

(
ϕ

exp
i

ϕst

)
(A.1)

and

Z =
(

Z11 Z12
Z21 Z22

)
(A.2)

where θ̄coi
, θ̄st, ϕ

exp
i and ϕst are respectively the Laplace trans-

forms of θcoi
, θst, ϕ

exp
i and ϕst. The different coefficients of the

matrix Z are given by:

Fig. A.1. Resistor–capacitor model of the thermal sensor.
⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Z11 = Ze1(R̂ + Ze2)

Ze1 + R̂ + Ze2

, Z22 = Ze2(R̂ + Ze1)

Ze1 + R̂ + Ze2

Z12 = Z21 = Ze1Ze2

Ze1 + R̂ + Ze2

(A.3)

with Ze1 = Re1
1+Re1 Ccop

, Ze2 = Re2
1+Re2 Cstp

and p is the Laplace

variable.
Using Eqs. (A.1)–(A.3) we can calculate in the time domain

the transfer function of the thermal sensor, it is written:

ϕ
exp
i (t) = Cco

dθcoi

dt
+

(
1

R̂
+ 1

Re1

)
θcoi

− 1

R̂
θst (A.4)
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