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Abstract

The determination of the characteristics of the flame and of the upward gas flow velocity in the flames is very useful for combu
forest fire modelling. In this paper, we intend to show that this velocity can be measured by a specific thermal sensor using a flame m
flame models have been considered but the fire front has been considered as a plane moving at a constant rate of spread and cha
some geometric and physical parameters. These characteristics of the flame have been identified from experiments with the inve
Very similar values were obtained by the two models. The upward gas flow velocity has also been deduced using a least-squares
based on the values of the parameters of the flame.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

One of the objectives of this work is to provide one of t
types of sensors that have been designed to measure th
fields during fire experiments. A typical size for such kin
of experiments is fifty meters (size of the plot to be bur
and it is difficult to design an apparatus giving thermal
formation for such a scale. The main idea is to replace
local measurements, such as those given by thermoco
for example, by the global flux measurements. We have
designed [1] a differential fluxmeter which measures the
diative flux in four horizontal directions. The other aim
this paper is to show how this device can be used to iden
the geometric characteristics of flame models and can
vide the upward gas flow velocity. Identification has be
made with laboratory experiments in a wind tunnel with r
vegetation (Quercus coccifera) for a line fire front.
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The second section is devoted to the presentation of a
signed specific thermal sensor. In the third section the
flame models will be described. We will consider the fla
as a plane characterised by some physical and geometr
rameters and moving at a constant rate of spread. The
section is devoted to the identification of the characteris
of the flame and the upward gas flow velocity by inve
method.

2. Description of the thermal sensor

In order to determine the characteristics of the flam
a thermal sensor has been designed, see [1] for more
tails. To monitor real fires, this sensor should satisfy so
conditions:

• Its installation and use must be simple and convenie
• It must be as cheap as possible.

• It should not be destroyed by the passage of the flames.
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Nomenclature

B Stefan Boltzman constant
Cco capacity of copper plate
C1,C2,C3 positions of sensors
Fr Froude number,= V 2

wind/ghf

g acceleration due to gravity
R̂,Re1 thermal resistance
Ri instantaneous velocity
hf flame height
h0

f flame height without wind
R rate of spread
S objective function
�tiT C time separating two successive temperature

peaks
[t0, tf ] time interval when the rate of spread is constant

Tf flame temperature
Ti temperature of copper plate
Vwind wind speed
vgas upward gas flow velocity
W half the width of the combustion vat

Greek symbols

ϕco, ϕi heat flux received by copper plate
θco copper plate temperature
θste steel frame temperature
αf flame tilt angle
ϕ0 emitted power of flame
β vector of flame parameters
α1, α2 weighting coefficients
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• Its scale must be adapted to the one used in phy
models of propagation [2,3].

• If possible, it can allow an average evaluation of the
diative flux, the convective flux, the temperature of ga
and their velocity.

The so-called simple thermal sensor is made of a steel fra
a thermal insulating sheet, glue sheets, 4 small copper p
and 9 thermocouples of type K, see Fig. 1.

The transfer function that gives the heat flux received
the copper plateϕco as a function of the measured tempe
ture of the plateθco, can be written:

ϕco = Cco
dθco

dt
+

(
1

R̂
+ 1

Re1

)
θco − 1

R̂
θste (1)

whereCco is the capacity of the copper plate,̂R is a thermal
resistance modelling the contact between the copper
and the steel frame,Re1 models the heat transfer betwe
the sensor and the outside andθste is the steel frame tem
perature. The different parameters involved in the tran
function have been obtained from calibration experime

see [1].

Fig. 1. Photograph and diag
,
s

3. Flame models and heat fluxes received by the sensor

3.1. Model I

The thermal sensor, described above, is placed at a
pointM on the top of vegetation, see Fig. 2. In the first mo
the flame is considered as a plane surface, characteris
a heighthf , a tilt angleαf , an emitted powerϕ0, and is
supposed to move at the constant rate of spreadR, see [4–
6].

We suppose that the sensor, the ambient air and
flame form a black enclosure. The radiative exchange
tween these media is approximated by an exchange bet
isothermal black surfaces. Therefore the radiative heat fl
ϕi measured by the three plates of the sensor can be wr
see [7]:

ϕi = B

3∑
j=1

(
T 4

j − T 4
i

)
Fi−j (2)

In this relation,j = 1 (or j = f ) indicates the flame,j = 2
(or j = a) indicates the ambient air, andj = 3 (or j = i) in-

dicates the different plates of the sensor (plates n◦1, n◦2 and
ram of the simple sensor.
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Fig. 2. Diagram of the sensor-flame system.
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n◦ 4). B is Stefan Boltzman’s constant,Tj the temperature
of mediumj , Ti the temperature of plate n◦i andFi−j the
view factor between this plate and mediumj .

For a complete enclosure,
∑3

j=1 Fi−j = 1, so that the ra
diative heat fluxesϕi take the following form:

ϕi(t, hf ,αf ,ϕ0,R)

= Fi−f (t, hf ,αf ,R)ϕ0

[
1−

(
Ti

Tf

)4]
− B

[
1− Fi−f (t, hf ,αf ,R)

](
(Ti)

4 − (Ta)
4) (3)

whereϕ0 = BT 4
f is the emitted power of flame.

The view factor between plate n◦ i and the flame,Fi−f is
given as

Fi−f =
∫
Sf

cosθf cosθi

πr2
dsf (4)

with Sf the flame surface and dsf its element.θf is the angle
between the normal of dsf andr , θi is the angle betweenr
and the normal of plate n◦i, andr is the distance betwee
the flame and the sensor, see Fig. 2.

Calculation of the above integral leads to:

F1−f (t, hf ,αf ,R)

= 1

π

W∫
−W

hf∫
0

(x − xf )[(x − xf ) − (y − yf ) tanαf ]
((x − xf )2 + (y − yf )2 + (z − zf )2)2

× dyf dzf (5)

F2−f (t, hf ,αf ,R)

= 1

π

z∫
−W

hf∫
0

(z − zf )[(x − xf ) − (y − yf ) tanαf

((x − xf )2 + (y − yf )2 + (z − zf )2)2

× dyf dzf (6)

F4−f (t, hf ,αf ,R)

= 1

π

W∫
z

hf∫
0

(z − zf )[(x − xf ) − (y − yf ) tanαf

((x − xf )2 + (y − yf )2 + (z − zf )2)2
× dyf dzf (7)
Fig. 3. Geometry for integration of radiative transfer equation.

wherexf = Rt + yf tan(αf ) is the abscissa of the flam
W is half the width of the combustion vat.

When the sensor is outside the flame, temperatureTi is
negligible compared to the temperature of the flameTf , so
that relation (3) can be written:

ϕi(t, hf ,αf ,ϕ0,R)

= Fi−f (t, hf ,αf ,R)ϕ0

− B
[
1− Fi−f (t, hf ,αf ,R)

]((
T r

i

)4 − (Ta)
4) (8)

3.2. Model II

Another model based on an approximate resolution of
radiative transfer equation (see [7]) can be considered,
explained below. We must calculate the heat flux from
flame to the different faces of the sensor. Let us cons
a point M inside or just above the vegetation. A lineOM
crosses the flame ins1, s2 and the top of the vegetation ins3,
see Fig. 3.

The different radiation coefficients are supposed to
constant (ambient air, flame, vegetation) and the scatte
coefficient is supposed to be null, see [8,9], so that the
tinction coefficient takes the following values:

(i) In [o, 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 points is then:
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Fig. 4. Positions of the sensor and the flame.

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 (9)

with ib(s̄) = BT 4
f

π
in [s1, s2] andib(s̄) = BT 4

v

π
in [s3, s]. Then

if we assume that the flame is thin, see [10], the exp
sion (9) 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

(10)

The radiative heat flux received by surface n◦i of the sensor
with unit normalni is:

ϕi(M) =
4π∫

ω=0

i(s)s · ni dω (11)

where dω is the elementary solid angle in the directions.
Let us now consider the situation of the experiments.

flame is supposed to be inclined with an angleαf , its height,
its thickness and its width are respectivelyhf , e and2W, see
Fig. 4.

The projections of the pointsP, P1 and M on the top
surface of the vegetation are denotedp, p1 andm. The use-
ful distances are denotedρ = PM, ρ0 = P1M, r = pm,
r0 = p1m and x3 = mM. The unit vectors normal to th
plates are denotedni and the unit vectors along direction
PM is s = (sinα cosβ,−sinα sinβ,−cosα). If we insert
expression (10) in (11), we obtain:

ϕi(M) = Kf

BT 4
f

π

4π∫
ω=0

s2∫
s1

e−Kv(s−s3)s · ni ds̄ dω

+ Kv

4π∫
ω=0

s∫
s3

ib(s̄)e
−Kv(s−s̄)s · nids̄ dω (12)

Inside the flame d̄s dω = dΩ

PM2 with dΩ being a volume el-
ement, inside the vegetation ds̄ dω = dΩ

AM2 . The last term
of (12) is the contribution of the vegetation to the radiat
flux.

In order to characterise the flame only, this last te
should be taken away. Let us notice that because we as
that the vegetal homogenised medium is isotropic, the c
tribution of the vegetation is the same in all directions an
given by the rear plate number 3. Then after some calc
tions, the flame flux can be written:

ϕi(M) = ϕi − ϕ3

= −Kf

BT 4
f

π

Rt+e/2∫
Rt−e/2

dx

∫
cosβ dβ

×
α1∫

α0

e−Kv
x3

cosα s·ni dα (13)

whereR is the rate of spread,

α0 = arctag

(
r

x3

)
, α1 = arctag

(
r

hf + x3

)
,

r = x − Rt − hf tgαf

cosβ
After some calculations we obtain the following expressi
for the radiative heat fluxes:

Face 1 (ahead face):

ϕ1(M) = 2Kf e
BT 4

f

π

βW∫
0

(cosα1 − cosα0)cos2 β dβ (14)

Faces 2 and 4 (lateral faces):

ϕ2(M) = ϕ4(M)

= Kf e
BT 4

f

π

βW∫
0

(cosα1 − cosα0)sinβ cosβ dβ (15)

with

βW = arctg

(
W

x0 − Rt − hf tgαf

)

4. Objective function and optimisation method

To identify the parameters of the flame the following o
jective functionS will be minimised:

S(β) =
tf∫

t0

(
ϕ1exp(t) − ϕ1(t, β)

)2 dt

+ α1

tf∫
t0

(
ϕ2exp(t) − ϕ2(t, β)

)2 dt

+ α2

tf∫ (
ϕ4exp(t) − ϕ4(t, β)

)2
dt (16)
t0
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Fig. 5. Fire experiment in the B.E.S.T. tunnel.
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ϕkexp(t) andϕk(t, β), k = 1,2,4 are respectively the mea
sured values and the theoretical values of the heat fluxesβ =
(hf ,αf ,ϕ0,R) is the vector of the parameters of the flam
for model I and for model IIβ = (hf ,αf ,R,Tf ,Kf , e).
[t0, tf ] is the time interval when the rate of spread is c
stant andα1, α2 are the weighting coefficients.

Looking for minβ S, we have to solve the equations∂S
∂βj

=
0, which can be written:

tf∫
t0

∂ϕ1

∂βj

(
ϕ1exp(t) − ϕ1(t, β)

)
dt

+ α1

tf∫
t0

∂ϕ2

∂βj

(
ϕ2exp(t) − ϕ2(t, β)

)
dt

+ α2

tf∫
t0

∂ϕ4

∂βj

(
ϕ4exp(t) − ϕ4(t, β)

)
dt = 0 (17)

We used an algorithm based on the Newton’s method. E
iteration involves the approximate solution of a large lin
system using the method of preconditioned conjugate gr
ents (PCG).

5. Results and discussion

In a large fire tunnel, named B.E.S.T., series of fire exp
iments, see Fig. 5, were carried out withQuercus coccifera
(whose height was about 1 m), a dominant vegetation in
south of France, with a load (surface density) of 3 kg·m−2,
see [11] for more details.

Three thermal sensors, a fluxmeter, two video cam
and six thermocouples dedicated to the determination o
rate of spread were settled. The position of the different
tems is indicated in Fig. 5.

These thermal sensors were settled at position in the
ordinate systemoxy, see Fig. 5:

• C1 (3 m, 1 m), sensor number 1 was at height 1 m

was intended to measure the flux outside vegetation.
Fig. 6. Different temperatures given by the thermocouples.

• C2 (3 m, 1.5 m), sensor number 2 was placed at he
0.8 m and was measuring the flux arriving on the ve
tation.

• C3 (2.75 m, 1 m), sensor number 3 was at height 0.
and was measuring the flux inside the vegetation.

The distance between the thermocouples was 40 cm
that the instantaneous velocity is given by:Ri = 40/�tiT C ,
�tiT C is the time separating two successive tempera
peaks, see Fig. 6. The rate of spread is the average o
local rates of spread during the stationary phase.

In the present work, we only use the heat fluxes meas
by the sensor placed in the middle of the tunnel at a he
of 1 m above the ground. The measured heat fluxes are
sented in Figs. 7 and 8.

Solving equations (17) for the two flame models lead
the results given in Table 1. The relative gap between
theoretical fluxes and those measured by the thermal se
is between 1 and 3%.

As indicated in Table 1, the experimental values of
flame height and the rate of spread can be favourably c
pared to the values of the two models. The identificat

results of the parameters of the flame are very close in both



K. Chetehouna et al. / International Journal of Thermal Sciences 44 (2005) 966–972 971

para

r the
-

am
oth

pe
e-
ig.

of

[14]

eg-
ame
hose

f lit-
e 3.
dles.
than
ege-

s.
cases so that we can say that the identification of these
meters is insensitive to the flame model.

We can now estimate the vertical velocity of gas.
For a fire spreading across a horizontal surface unde

wind effect, flame tilt angle,αf , is the result of the compe
tition between buoyancy and wind and we assume thatαf is
given by, see [12,13]:

tan(αf ) = Vwind

vgas
(18)

hereVwind and vgas represent respectively the free stre
wind speed and the upward gas flow velocity in still air, b
at mid-flame.

Velocity vgas is deduced as being the inverse of the slo
of the curve tan(αf ) versusVwind by using a least-squares r
gression based on the values of the flame parameters. F
shows this linear regression.

From the slope of this curve one can obtain the value
upward gas flow velocityvgas= 0.48 m·s−1.
Fig. 7. Heat fluxes given by the sensor in fire experiment without wind.
-

9

With dead pine needles as fuel bed, Porterie et al.
have proposed the different flame heights, see Table 2.

Although there is a difference due to the nature of v
etation (dead pine needles, Quercus coccifera), the fl
heights obtained by our two models seem to be close to t
obtained by Porterie et al.

These authors have also presented a confrontation o
erature results for the tilt angle of the flame, see Tabl
Let us notice that these values are taken for pine nee
The values obtained in the present work are greater
those presented in the literature, but the considered v

Fig. 8. Heat fluxes given by the sensor in fire experiments with wind

Table 2
Different flame heights

Flame height (cm)

Wind speed [m·s] Model I Model II Porterie et al.

1.5 48 43 40
2 41 38 31
2.5 38 34 29
Table 1
Flame parameters for different experiments

Wind speedVwind [m·s] 0 1.5 2 2.5

Experimental values Rate of spreadR [cm·s] 1.5 2.1 4 5.7
by thermocouples

Flame heighthf [cm] 160 50 40 30
by video camera

Model I Rate of spreadR [cm·s] 1.7 2.2 3.9 5.6
Flame heighthf [cm] 140 48 41 38
Tilt angleαf [◦] 0 72 77 79
Emitted powerϕ0 [kW·m−2] 5.2 11.8 14.9 18.2

Model II Rate of spreadR [cm·s] 1.7 2.4 4.2 6.0
Flame heighthf [cm] 170 43 38 34
Tilt angleαf [◦] 0 72 77 80
Flame temperatureTf [◦C] 807 816 1176 1180
Extinction coefficientKf [m−1] 0.14 0.15 0.11 0.12
Flame thicknesse [cm] 35 53 54 58
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Fig. 9. Determination of upward gas flow velocity.

Table 3
Different tilt angles of flame

Tilt angle of flame (◦)

Wind speed [m·s] Porterie et al. [14] Albini [12] Nelson and
Adkins [15]

1.5 42 42.2 36.9
2 59.8 54.4 43.9
2.5 61.1 60 47.6

tations are different. Quercus coccifera is a not as com
as pine needles and the height is not the same. Under
there is an air flow inside Quercus coccifera, which is pr
ably not the case for pine needles, this flow should tilt
flame. It means that the tilting of the flame is a comp
phenomenon related to the hydrodynamics in the veg
tion.

6. Conclusion

The knowledge of the upward gas flow velocity in t
flames is useful for forest fire modelling but it may ha
other applications in combustion modelling. We have s
that this velocity can be correctly determined by a co
lation between wind velocity and tilt angle. Its value h
been obtained within a relative error of 2%. The geom
ric characteristics of two flame models have been identi
by the minimisation of an objective function. These mod
have given the radiative heat fluxes received by the t
mal sensor in four horizontal directions. These fluxes h
been measured during fire experiments with a real veg
tion.

However, very similar values for flame parameters w
observed on the two models.
At least, let us notice that the sensor briefly presen
here has other applications in forest fire modelling. It
been used for the measurements of radiative absorptio
efficient, the calibration of vegetation flame models and
reconstruction of the fire front.
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