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Abstract. The aim of this paper is to present some improvements in the metrology of forest fire
flames by coupling image processing and radiative heat flux measurement. A new metrological
tool using a visual video camera and a specific multiple thermal sensor is proposed. By means of
an appropriate segmentation algorithm and the Direct Linear Transformation, the image processing
methodology gives the forward or the backward fire front positions as input data to a radiative heat
flux approach. Using a simplified flame model, this technique provides fire front positions versus
time, and average values for the flame length, flame depth, flame tilt angle, apparent flame
temperature and flame emissivity. The rates of spread, obtained by a linear regression of the
determined fire front positions, as well as the thermal and radiative properties of the flame, are

compared favorably to those given in the literature.
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backward fire front position
forward fire front position
flame length

apparent flame temperature
flame extinction coefficient

Stefan-Boltzmann constant
half-width of the flame
copper plate capacity
thermal resistances

mean flame thickness

slope angle of combustion table from the horizontal
plane
flame tilt angle

flame inclination angle due to wind

theoretical radiative heat flux received by the i target
of sensor
horizontal plane of the burning area

decision variables vector

experimental heat flux received by the i target of
sensor
temperature of i copper plate

steel frame temperature

experimental radiative heat flux received by the "
target of sensor
flame emissivity



1. Introduction

In wildland fires the most advanced line of the fire, orthogonal to the propagation
direction, defines the so-called fire front position. From this position the rate of
spread, which is an important parameter in fire risk management, can be easily
deduced. In several laboratory experiments and controlled fires [1, 2, 3, 4] various
devices and protocols have been used to detect the fire front position. The
following tools are widely used in fire metrology: threads positioned
perpendicular to the propagation direction, thermocouples aligned on the fire
spreading axis and deployment of wireless sensor networks on the observed field
[5]. The drawback with these devices, however, is that they give a discontinuous
signal and a limited amount of data. More recently, image processing methods
have been used, enabling the front position to be extracted from video (or
infrared) recordings by different types of image processing algorithms [6, 7, 8].
These methods are simple, cheap, easy to use and give positions all along the fire
front contour, unlike threads or thermocouples which only give mean positions.
Concurrently, a physical measurement tool has been designed [9] to access both
average geometrical (length, tilt angle, depth) and physical (temperature, radiative
coefficients) flame characteristics by means of the inverse method and a
simplified flame model. This model has been derived using the hypothesis of a
thin flame [4, 10] in order to avoid integration of the Radiative Transfer Equation.
In the expression of heat fluxes, the above-mentioned parameters are involved and
it is relevant to determine these parameters by minimizing the differences (in the
Euclidean norm) between calculated and computed heat fluxes during
propagation. Unfortunately, the fire front positions are parameters of the radiative
heat flux method. This is a weakness of the method because if too many positions
are to be identified, the number of variables in the optimisation process increases
the difficulty of finding a minimum. Therefore, the key point to improve the
radiation heat transfer approach is to reduce the number of parameters. Recently
[11], image processing and radiation heat transfer measurement methods have
been favourably compared and both give the same positions for the fire front.

The aim of this paper is to combine these two approaches in order to reduce the

number of parameters by inputting the fire front positions given by image
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processing into the radiation heat transfer measurement method. The second
section summarizes the formulae required for the optimisation protocol and
describes the wireless multiple thermal sensor used. The image processing
approach is detailed in section three. In the fourth section, we present the
objective function and the optimisation algorithm. The fifth section describes the
experimental set-up. The paper concludes with the presentation of some results

and discussions.

2. Radiative heat fluxes

2.1 Theoretical modelling

In this section we derive the equations necessary to calculate the theoretical
radiative heat flux emitted by the flame and received by a wireless thermal sensor
[9]. The sensor is centred at the end of the combustion table at a point M(x,, y,)
on top of the vegetation bed. The inclination angle of the combustion table from
the horizontal plane is o . The flame model proposed in this paper is derived
from the radiative transfer equation [12] as explained below. In the model, the
thermal effects of the surrounding walls are considered negligible as the walls are

covered by a thermal insulator, and the flame is considered as a parallelepiped

with variable backward and forward positions respectively y_ff and yvf (see Figure
1), characterized by the following average parameters: length /, tilt angle «,,

temperature 7, and an extinction coefficient K .
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Figure 1. Schematic view of flame and heat flux sensor.

The theoretical radiative heat flux @ coming from the fire front and received by

a target with a unit vector n, can be written [4, 10]:

1)

cosa, |cos B—cos(@+ B)|w-n. —(1—cos@)f -n.
@ﬁh(M)zéijT;.‘dxfdyf / [cos pcost0+ p) — ( )t
T : 7 coOSa rsin‘ g
Z, s

The convective heat flux is the same on each face given the small size of the
gauges. In this study the rear gauge never sees the fire front; it only measures the
convective heat flux contribution. The rear gauge measurements are therefore
subtracted from the others in order to obtain only the radiative contribution. In this

case, the unit vector n, has two directions for the wireless thermal sensor: n, =]
(for the gauge facing the fire) and n, =i or n, =—i (for gauges 2 and 4 oriented

obliquely to the flames and perpendicular to the gauge facing the fire). Let us now

consider these two configurations:

Gauge facing the fire (n, =j).

In this case we must calculate:

cose, [cos f—cos(f+ f)|w-j—(1-cosO)f -]
cosa, rsin® B

B
@ (M) = P ,[ K, Tidxdy, (2
Z



Note that w-j=sing and f-j=sina,sing,, so the theoretical heat flux received

by the front face of the wireless thermal sensor can be written as:

B CoSo
th 4 f
O (M)=— J. K, T dx,dy, —————X

g rsin® Bcosa, 3)

[(sin ¢cos f—sina, sin g, )(1-cos@)+sin gsin Bsin 9]

where «, =(Kk,f) is the flame inclination angle due to the competition between
buoyancy and wind.

Gauges oriented obliquely to the flames (gauge 4) (n; =1i).

We must calculate:

cosa, [cos f—cos(@+ f)|w-i—(1-cosO)f -i
cosa, rsin® B

(4)

B
@5 (M) 7 J. K, Tidxdy,

B
Inserting w-i=cos¢ and f-i=sina, cosg, in this equation, we obtain:

CoOSox
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X

j K, Tdx dy, ————
I in?
S0 rsin® fcosa, (5)

B
T
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where fo‘." is the part of X . viewed by gauge 4 of the wireless thermal sensor.
Gauges oriented obliquely to the flames (gauge 2) (n, =—i).

We must calculate:

cosa, (1-cos@)f-i—[cos B—cos(@+ B)|w-i
cosa, rsin® g

) B
®) (M) == [ K, T}dx,dy, (6)

=3
Inserting w-i=cos¢ and f-i=sina, cosg, in this equation, we obtain:

cos«
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where E(fz) is the part of X viewed by gauge 2 of the wireless thermal sensor,

cos f =sina, cos(¢—4,), sin g =1-sin’ a, cos*(p—¢,) and

cotd =

- —cotp.
[,sing

In this study, the flame propagates in the direction of the target, meaning that the

projection u of the unit flame vector f on the plane X, is collinear to the unit

vector w. Consequently, the angle ¢=¢, and the flame angles are related by

a,=a,+a,. So, we have cosp=sina,, sinp=cose, and
r
cotd =———-—tane,, . Moreover, we can see that
lf cosa,,
. [, cosa, r—l sina, i Y
sing = — , cosd = — : sing=—,
\/rz—ZZ/,rSIn aw+l/§ \/rz—ZlerInaw+l? r

X .
COS ¢ = —; SO, We can write:
r
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q>”’(|v|)—— j ax | KT cos(a, +a,) / dy ©)
st yooy? Cosa; rz\/rz—Zlerin aw+ljf
Yo Y/ )(7
c1>”’(|\/|)_é [ ar j K 7t ra) / dx )
A cosa rz\/rz—Zlfrsin a,+17
Yo~ J’/ Xp XY
<1>f’1(|v|)_—§ [ de K,T COS(“W*“S) / X (10)

2 2 H 2
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where r=vX*+Y?, X =x,—x,, Y=y,—y, and (x,,),) is the location on the
plane X, of a target measuring the radiative heat flux coming from the flame.
is the half-width of the flame and x,, y, are the fire coordinates on the x-axis

and y-axis respectively.
By integrating equation (8) over the y-axis and equations (9) and (10) over the x-
axis, the theoretical radiative heat fluxes received by the multiple thermal gauges

become:
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where R,(X) = \/ V) X, RF(X)=\/(yO—yf)2+X2,

RN =\ +(x+W),  RE)=Y*+x},  R(Y)=\V'+x’ and
Ry(Y) =Y +(x,-W)" .

In this work the fire propagated through a fuel bed under slope and no-wind
conditions, and the heat flux sensor was centred on the x-axis on x,=0.
According to this experimental configuration, ®!"(M)=®} (M)=®/ (M) and

equations (11) to (13) can be expressed as:

SO0+ X7 1+ (332 ) + X7 422

\/yO yf) + X2 Z+\/( —yf.)2+X2+Z;

Yo7 I +Y?+W?*+1?
c1>fh(|\/|)_E j K,T'In ¥ o L \ay (15)

Jr2+w? lf+\/Y2+lfz.

O (M) = jK T dx (14
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2.2 Experimental determination

The wireless heat flux sensor used in this paper consists of a steel body, 4 copper
plates, a thin heat insulating layer, a glue layer and 9 type K thermocouples (see
Figure 2). From a previous theoretical study conducted by Chetehouna et al. [9],

the total heat flux received by each gauge is calculated as follows:

o, (1 1 1
M) =C e +=+— 10 —=6 16
¢1 ( ) co dt (R J co; st ( )

where ¢ (i=1,2,4) is the total heat flux received by the i" face of the multi-
gauge heat flux sensor, 6, is the i™ copper plate temperature and 6., is the sensor

body temperature. C,, is the specific heat capacity of each gauge, R is a thermal

resistance modelling the contact between the copper plate and the steel body and

R, models the heat transfer between the sensor and the surroundings. These

physical parameters included in (16) were all obtained by calibration experiments

Multiple thermal
gauges
30 - -

Transmitting
antenna

and are provided in Table 1.

Digitalization box

Figure 2. Photograph of the wireless heat flux sensor.

R R C

e co

23.7 21.7 10.4

Table 1. Values of the sensor parameters necessary to experimentally compute the total heat flux
received by each gauge.




As mentioned above, in our experiments the rear gauge (gauge 3) never sees the
fire front, so it measures only the convective heat flux contribution. Consequently
the radiative heat fluxes measured by the frontal and lateral gauges can be

expressed as:

dt R

€

o, (1 1)
O*()=C, | 2+ |5
R | (17)

with @7 = o™ — p® and 9, =6,, -6

coy

3. Image processing methodology

The first step in the image processing technique used to obtain the forward or
backward fire front positions was to acquire images of the fire with a video
camera (30 images per second and a resolution of 640x480 pixels). Knowing the
dimension of the burning area (the size of the combustion table), a Direct Linear
Transformation was then performed in order to obtain real ground coordinates
from pixel coordinates. This technique is used in a wide range of applications,
including studies of fire behaviour [6]. The Ko et al. fire segmentation algorithm
[13] was then applied on the images in order to eliminate non-fire pixels from the
fire scene. Note that the choice of this algorithm for these experiments has been
discussed in [14] using a supervised evaluation criterion. Lastly, the fire front
lines positions can be deduced by taking the ground contour of the remaining fire
pixels. This image processing technique can be summarized in the following four
steps:

1) Cropping images of the propagation zone from a video recording.

i) Direct Linear Transformation (DLT) to find real fire coordinates from

camera fire pixel coordinates.

iii) Segmentation of the fire front lines.

iv) Computation of the fire front lines positions.
This segmentation algorithm [13] works in the RGB colour space with a Gaussian
probability distribution model assuming the independence of the RGB channels

for each pixel given by:
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2
1 Ii (x’y)_lu[
pi(x,y)= eXp[( 7 ) (18)
\/2”0',- 20;
In this expression /,(x, y) is the colour value for the i™ colour channel in a fire
image, u; and o; are respectively the mean value and the standard deviation of 7, .

To declare a pixel as a fire candidate, a threshold 7 is used and the following

condition is proposed:

p(I1(x,3))=pe(1x (x.3)) % Pe (16 (%.3)) % Py (15 (x.))

ifp(l(x,y))>r (19)
then I(x, y) is a fire-pixel
else I(x, y) is not a fire-pixel

The final step in the image processing method was to calculate the fire front lines
positions in order to produce accurate fire positions as input parameters for the
thermal methodology. In the mathematical radiative flame model derived in
section 2, the fire positions are determined only by their centred positions. Hence,
only those positions are taken into account in the image processing approach. In
order to compute the best estimation of the different fire front lines positions, a
Savitzky-Golay smoothing filter [15] was applied to the fire front lines positions

to eliminate the noise due to flame oscillations.

4. Combining the two approaches

Recently Rudz et al. [11] showed that the positions obtained after applying the
image processing method are as reliable and accurate as those obtained after
applying the heat flux approach. These authors highlighted the possibility of
coupling the two methods to design a new metrological tool which would
calculate average geometrical (fire front positions, tilt angle, flame length) and
average physical (temperature, emissivity) parameters of the flame with a lower
computational time than without coupling [4, 9]. The main idea is to give fire
front positions calculated by image processing as fixed parameters for the
radiative heat flux approach in order to reduce the number of unknown parameters

involved.
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Over the last two decades the inverse method used in engineering has been widely
discussed by several authors [16, 17, 18]. The problem presented in this paper is
one of parameter estimation because the flame model is known, but not the
variables involved [19].

The inverse problem considered here can be stated as the following bound

constrained minimization problem:

minimize  J(¢)

subjectto & <&<¢ (20)
H 1 17 eX th eX| t ex
with J (&) = W(H@: (&) -0+ HCD/ (&) -0+ Hq)zh (&) —D® )

where 5=(y_’;1,y_’;2,...,y_’;N,lf,(,zﬁf) is the decision variables vector that will be
identified, &, &, are respectively the lower and upper bounds of these variables,

the vector (yljfi,yfz,...,yf;;v) represents, for k = B, the backward or, for k = F, the

4

BT
forward fire front positions, and ¢, :Kf—f is the radiative heat flux of the
T

flame per unit volume. | - | denotes the usual Euclidean norm, @, ®" are the

theoretical radiative heat fluxes given respectively by expressions (14) and (15)
and @ V k=12,4 are the experimental radiative heat fluxes measured by the
wireless multiple thermal gauges. Note that we should identify the two functions

y; =y, y; =y;(r), but that in order to reduce the computational cost these

functions have been considered at discrete time values.

A Generalized Pattern Search algorithm [20], provided by the “Genetic Algorithm
and Direct Search” Toolbox of Matlab®, is used to solve the bound constrained
optimization problem of relation (20). The particularity of this optimization
algorithm is that it does not require any information about the gradient of the
objective function, whereas traditional optimization methods need gradient or
higher derivatives information to search for an optimal point. In fact, this method
is a global algorithm, named direct search method, which 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.
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5. Experimental conditions

The fuel bed used for the experiments was a load of 1.2 kg.m™ of straw placed on
a combustion table. The table is made of cellular concrete and has an effective
burning area of 2 m? (2 m x 1 m) with a depth of 0.2 m. The table can be inclined
in order to simulate slope conditions. The different slopes simulated were —10°,
0°, 10° and 20°. The complete experimental device also includes a wireless heat
flux sensor and a video camera (see Figure 3 and Figure 4).

Video camera

Wireless thermal
sensor

Figure 4. Photograph of the experimental device.
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6. Results and discussion

This section presents the results obtained for laboratory experimental fires after
combining the two methodologies. Fire front positions were determined by image
processing (see Figure 5) and then introduced as inputs in equation (20), the
objective function which had to be minimized.

The calculation of flame characteristics by the inverse method gave the results
presented in Table 2. It should be noted that the apparent flame temperature was
computed according to equation (21) and that flame emissivity was obtained
thanks to Beer’s law [21], given by formula (22), after assuming an extinction
coefficient of 0.72 m™ experimentally determined for forest fuels by Agueda et al.
[22].

¢f7[ le
T, =| L= (21)
-l
&, =1-exp(-K,5,) (22)

with 6, the mean flame depth for each slope value. It should be pointed out that
the values of &, calculated by this relation and reported in this table are in the

range of 0.11 to 0.66 for a flame depth from 0.27 to 1.88 m and 0.12 to 0.94 for a
flame depth from 0.15 to 2 m given respectively by Beyreis et al. [23] and
Hégglund and Persson [24]. The same range of emissivity values is also obtained
by Dupuy et al. [25].
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y-axis [cm)
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Figure 5. Example of fire forward front profile at different times for a fire spreading without

slope.

Slope [] - 10 0 +10 +20
Flame length /, [cm] 535 65.2 116.5 112.0
Flame radiative heat flux 7.630 7.624 24.023 40.552
4, [kW-m~]

Apparent flame temperature 875 875 1166 1329
T, [K]

Flame emissivity ¢, 0.18 0.18 0.25 0.27
Mean flame thickness o, [cm] | 28.2 27.0 40.8 42.9

Table 2. Average values of radiative heat flux and flame length, temperature and emissivity for

tests carried out under different slopes.

The different values of the fire front positions determined by this new
metrological tool based on the coupling of two continuous methods (image
processing and heat flux sensor) are plotted in Figure 6 for down and up-slopes.
The rates of spread for these slope values are deduced by means of a linear
regression using computed values of the fire front positions. The evolution of the

rate of spread of the forward and backward fire fronts as a slope function is

15




illustrated in Figure 7. This Figure shows that the rates of spread of the forward
fire front are higher than those of the backward front and their values increase for
different slope values due to flame radiation. The same trend has been observed
by Morandini et al. [26] and Dupuy et al. [27] using respectively Pinus pinaster
and Pinus halepensis needles as a fuel bed.

O Backward -10° W Forward -10°

A Backward 0° A Forward 0°
1,8 ¢ Backward +10° & Forward +10
O Backward +20° @ Forward +20°
1,6
1,4 -
E 12
2
S 17
3 08
o
0,6
0,4 4
0,2 4
0 !
100 150 200 250 300 350 400

Time [s]

Figure 6. Centred forward and backward fire front positions versus time for different slopes.

3,5
34 —&— ROS Forward
- - = ROS Backward
pu
7 .
IS
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B
o
o
(%]
©
[
I
24
20

Slope angle [’]

Figure 7. Computed rate of spread for down-slope and up-slope fires spread across straw bed.
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7. Conclusion

Several studies in the forest fire literature have used image processing to provide
geometrical characteristics of the fire front. However, there has been little
research into the determination of these characteristics with other physical
parameters using the measurement of heat flux which is the only relevant physical
quantity that is measurable.

In this paper, a flame model with mean thermal and radiative properties has been
derived from the radiative transfer equation. The equations obtained give simple
relations to minimize the differences, in terms of the usual Euclidean norm,
between the theoretical and the experimentally measured radiative heat fluxes. It
has been shown that coupling image processing and the wireless heat flux sensor
gives results that are in good agreement with those found in the literature and can
help to design a new robust metrological tool for forest fires. An important
advantage is that the computational time of the new metrological tool proposed
here is twice as fast as the one without implementation of the image processing

method.
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