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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 combustion and
forest fire modelling. In this paper, we intend to show that this velocity can be measured by a specific thermal sensor using a flame model. Two
flame models have been considered but the fire front has been considered as a plane moving at a constant rate of spread and characterised
some geometric and physical parameters. These characteristics of the flame have been identified from experiments with the inverse methoc
Very similar values were obtained by the two models. The upward gas flow velocity has also been deduced using a least-squares regressio
based on the values of the parameters of the flame.
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Keywords: Thermal sensor; Fire experiments; Flame models; Radiative heat flux; Upward gas flow velocity; Geometric characteristics of flame

1. Introduction The second section is devoted to the presentation of a de-
signed specific thermal sensor. In the third section the two

One of the objectives of this work is to provide one of the flame models will be described. We will consider the flame

types of sensors that have been designed to measure thermas @ plane characterised by some physical and geometric pa-

fields during fire experiments. A typical size for such kinds rameters and moving at a constant rate of spread. The last

of experiments is fifty meters (size of the plot to be burnt) section is devoted to the identification of the characteristics

and it is difficult to design an apparatus giving thermal in- ©f the flame and the upward gas flow velocity by inverse

formation for such a scale. The main idea is to replace the Mmethod.

local measurements, such as those given by thermocouples

for example, by the global flux measurements. We have then

designed [1] a differential fluxmeter which measures the ra- 2. Description of the thermal sensor

diative flux in four horizontal directions. The other aim of

this paper is to show how this device can be used to identify

the geometric characteristics of flame models and can pro-

vide the upward gas flow velocity. Identification has been

made with laboratory experiments in a wind tunnel with real

vegetation Quercus coccifera) for a line fire front.

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

e Its installation and use must be simple and convenient.
* Corresponding author. Tel.: +33 248 484 067, fax: +33 248 484 040.  ® ltmust be as cheap as possible.
E-mail address: khaled.chetehouna@ensi-bourges.fr (K. Chetehouna). e It should not be destroyed by the passage of the flames.
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Nomenclature

B Stefan Boltzman constant
Ceo capacity of copper plate
C1, C2, C3 positions of sensors

Fr Froude number= Vveind/gh f Vgas upward gas flow velocity
g acceleration due to gravity w half the width of the combustion vat
R, R, f[hermal resistance Greek symbols
R; instantaneous velocity )
h 5 flame height vco, @i heat flux received by copper plate
hy flame height without wind Oco copper plate temperature
R rate of spread Oste steel frame temperature
S objective function af flame tilt angle
At;tc time separating two successive temperature %o emitted power of flame
peaks B vector of flame parameters

[10,17] time interval when the rate of spread is constant 1,2 Wweighting coefficients

Ty flame temperature
T; temperature of copper plate
Vwind  Wind speed

e Its scale must be adapted to the one used in physical3. Flame models and heat fluxesreceived by the sensor

models of propagation [2,3].

e If possible, it can allow an average evaluation of the ra- 3.1. Model |
diative flux, the convective flux, the temperature of gases

and their velocity.

The thermal sensor, described above, is placed at a fixed
pointM on the top of vegetation, see Fig. 2. In the first model

The so-called simple thermal sensor is made of a steel framethe flame is considered as a plane surface, characterised by
a thermal insulating sheet, glue sheets, 4 small copper plateg height/ ¢, a tilt anglea s, an emitted powety, and is
and 9 thermocouples of type K, see Fig. 1. supposed to move at the constant rate of spRasee [4—
The transfer function that gives the heat flux received by 6].
the copper plateco as a function of the measured tempera- ~ We suppose that the sensor, the ambient air and the

ture of the platéco, can be written:

flame form a black enclosure. The radiative exchange be-
tween these media is approximated by an exchange between

oo Ccodeco ( 1 n i) Beo — 1 Oete ) isothermal black surfaces. Therefore the radiative heat fluxes
dr R Re ¢; measured by the three plates of the sensor can be written,

whereC, is the capacity of the copper plaﬁ,is a thermal see [7]:

resistance modelling the contact between the copper plate 3 4 4

and the steel framek,, models the heat transfer between ¢ =B Z(Tj - T )Fi—j 2

the sensor and the outside afig is the steel frame tem- j=1

perature. The different parameters involved in the transfer In this relation,j = 1 (or j = f) indicates the flamej = 2
function have been obtained from calibration experiments, (or j = a) indicates the ambient air, anjd= 3 (or j =) in-

see [1].

dicates the different plates of the sensor (platds n°2 and

AT,
SRR

4

themocouples support
Insulator

% |

A | A

copper plate
PRt

thermocouples __ -

Glue coat

steel frame

Fig. 1. Photograph and diagram of the simple sensor.



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

Unburnt vegetation

Soil

Flame

Gas| flow

direction

Fig. 2. Diagram of the sensor-flame system.

n° 4). B is Stefan Boltzman’s constarif; the temperature
of mediumj, 7; the temperature of plat€hand F;_; the
view factor between this plate and mediym

For a complete enclosurgff:l F;_; =1, so that the ra-
diative heat fluxeg; take the following form:

@i(t,hy,or, @0, R)

T\
=Fi_yt,hy,ar, R)po|1— T_f

AT A T

wheregg = BT# is the emitted power of flame.
The view factor between plate n and the flameF;_ ¢ is
given as

C0s9 ¢ COSY;
o [ Sy, @

Sf
with S the flame surface and gits elementd is the angle
between the normal ofs¢ andr, 6; is the angle between
and the normal of plate°n, andr is the distance between
the flame and the sensor, see Fig. 2.
Calculation of the above integral leads to:

Fi_¢(t,hy,ar, R)

w hy
Zif/(x—Xf)[(x—xf)—(y—yf)tanaf]
LT ((r=xp)2+ (= )2+ (2 —29)?)?

x dysdzy ®)
Fo_y(t,hy,ar, R)

z hy
:l/ff (z—zp)[(x —xp) = (y — yp)tanay
LR (x =xp)2+ =%+ (2 —z5)?)?

x dysdzy (6)
Fay(t,hy,ar, R)

(x—=xp)2+ Q@ —yp?+@—z/)2)?2

x dysdzy )

w hy
_E/[ (Z—zplx —xf) — (y —yp)tanay
= (

z 0

Ambient air

Vegetation

Fig. 3. Geometry for integration of radiative transfer equation.

wherexy = Rt + ystan(ay) is the abscissa of the flame,
W is half the width of the combustion vat.

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

@i(t,hy,af, 0o, R)
=Fi—f(t, hy,af, R)eo
—B[1=F st hyap, B)(T)) = @)% (®)

3.2. Mode I

Another model based on an approximate resolution of the
radiative transfer equation (see [7]) can be considered, as is
explained below. We must calculate the heat flux from the
flame to the different faces of the sensor. Let us consider
a pointM inside or just above the vegetation. A @M
crosses the flame in, s and the top of the vegetation ig,
see Fig. 3.

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

(i) In [0, s51], K = Kair=0.
(i) In [s1,s2], K = Ky.
(iii) In [s2, s3], K = Kair=0.
(iv) In [s3,s], K = K,.

The radiative intensity at pointis then:
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of (12) is the contribution of the vegetation to the radiative
flux.

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

oiM) =¢; — @3

4 Rt+e/2
BTf
Fig. 4. Positions of the sensor and the flame. = —KfT f dx / cospdp
5 Rt—e/2
— o1
i(¢) — —Ky(s—s3) [ ; (5)o—Kr(s2—5) 45 x
Hs)=Kye /lb(S)e ds X /e_K”%s n; do (13)
. S1 o
n Kv/ib(i)e_K”(S_E) & ) whereR is the rate of spread,
53 ag = arcta<i), a1 = arctag( r )
4 X3 hy+x3
L. BT} .- _ BT}
with i (5) = —* in [s1, s2] andi, () = =% in [s3, s]. Then x— Rt —hytga s
if we assume that the flame is thin, see [10], the expres-" = cosB

sion (9) becomes: After some calculations we obtain the following expressions

BT 52 5 i for the radiative heat fluxes:
i(s) =Ky Tf‘f—K”(S—SS) / ds + K, f ip(5)e” 07 ds Face 1 (ahead face):
51 53 (20) BT Bw

The radiative heat flux received by surface of the sensor 91(M) =2K re
with unit normaln; is:

T

f / (cosay — cosag)coS fdB  (14)
0

4z Faces 2 and 4 (lateral faces):
pi(M) = / i(s)s- n; dw (11) (M) = pa(M)
w=0 BT4 Bw

where @ is the elementary solid angle in the direct®n =Kye
Let us now consider the situation of the experiments. The

flame is supposed to be inclined with an angjg its height,

its thickness and its width are respectivily, e and2W, see

ﬂf /(cos«xl — cosxp)singcospgds  (15)
0

with

- w

Fig. 4. Bw = arctg( )

The projections of the pointB, P; and M on the top xo — Rt —h ptgay
surface of the vegetation are denofeg; andm. The use-
ful distances are denoted = PM, pg = P1M, r = pm,
ro = p1m and x3 = mM. The unit vectors normal to the
plates are denoted; and the unit vectos along direction
PM is s = (sina cosB, — sina sinB, —cosx). If we insert
expression (10) in (11), we obtain:

4. Objective function and optimisation method

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

ty

g4 T %2 S(ﬁ)—f( 0 « ﬂ))zdt
(pi (M) == Kf—f / /eiKU(Sféﬁ)S_ ni d§d(,() == (p_‘]_exp( (pl s
- J
w=0 s1 .y
A7 s Zd
+ Ky f / ip(5)e Kv06=9s. n;ds dw (12) a1 f (p2exp(t) — @2(t, B)) dr
=0 s3 lO[f
i dde = 92 wi ; )
Inside the flame fdw = M2 with d§2 being a volume el +a2/(§04exp(t) — oalt, ﬂ))zdt (16)
ement, inside the vegetatio dw = -32;. The last term

AMZ® 1
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Fig. 5. Fire experiment in the B.E.S.T. tunnel.

1000

prexp(t) and e (t, B), k =1, 2,4 are respectively the mea- —
sured values and the theoretical values of the heat flgxes. soor — 122 1
(hy,or, 9o, R) is the vector of the parameters of the flame w0} el
for model | and for model 118 = (hs,as, R, Ty, Ky, e). l —
[t0, 7] is the time interval when the rate of spread is con-
stant andrs, ap are the weighting coefficients. S eoor 1
Looking for ming S, we have to solve the equatioé% = E |
0, which can be written: g
@ 400F B
1y
3 300 B
/ (‘Plexm) p1(t, ,3)) dt
8ﬂ] 200+ -
tf 100+ —
ta 1) — oot 0 ‘ ‘ ‘ —
1/ 9B; (§026Xp( ) — pa( /3)) o 50 100 150 Tiri(()eo(s) 250 300 350 400
t,« Fig. 6. Different temperatures given by the thermocouples.

o / 22 (aett) — patt, ) c (17)
! e C2 (3 m, 1.5 m), sensor number 2 was placed at height
We used an algorithm based on the Newton’s method. Each ~ 0-8 m and was measuring the flux arriving on the vege-

iteration involves the approximate solution of a large linear tation.
system using the method of preconditioned conjugate gradi- ® €3 (2.75m, 1 m), sensor number 3 was at height 0.6 m
ents (PCG). and was measuring the flux inside the vegetation.

The distance between the thermocouples was 40 cm so

5. Results and discussion that the instantaneous velocity is given R:= 40/ At;7¢,
At;rc is the time separating two successive temperature
In a large fire tunnel, named B.E.S.T., series of fire exper- Peaks, see Fig. 6. The rate of spread is the average of the

iments, see Fig. 5, were carried out wifluercus coccifera local rates of spread during the stationary phase.

(whose height was about 1 m), a dominant vegetation in the  In the present work, we only use the heat fluxes measured
south of France, with a load (surface density) of 3nkg?, by the sensor placed in the middle of the tunnel at a height

see [11] for more details. of 1 m above the ground. The measured heat fluxes are pre-

Three thermal sensors, a fluxmeter, two video camerassented in Figs. 7 and 8.
and six thermocouples dedicated to the determination of the  Solving equations (17) for the two flame models leads to
rate of spread were settled. The position of the different sys- the results given in Table 1. The relative gap between the

tems is indicated in Fig. 5. theoretical fluxes and those measured by the thermal sensor
These thermal sensors were settled at position in the co-is between 1 and 3%.
ordinate systeroxy, see Fig. 5: As indicated in Table 1, the experimental values of the

flame height and the rate of spread can be favourably com-
e C1 (3 m, 1 m), sensor number 1 was at height 1 m, it pared to the values of the two models. The identification
was intended to measure the flux outside vegetation.  results of the parameters of the flame are very close in both
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cases so that we can say that the identification of these para- With dead pine needles as fuel bed, Porterie et al. [14]
meters is insensitive to the flame model. have proposed the different flame heights, see Table 2.
We can now estimate the vertical velocity of gas. Although there is a difference due to the nature of veg-
For a fire spreading across a horizontal surface under theetation (dead pine needles, Quercus coccifera), the flame
wind effect, flame tilt angley f, is the result of the compe-  heights obtained by our two models seem to be close to those

tition between buoyancy and wind and we assumedhas obtained by Porterie et al.
given by, see [12,13]: These authors have also presented a confrontation of lit-
erature results for the tilt angle of the flame, see Table 3.
tan(a ) = Viind (18) Let us notice that these values are taken for pine needles.
" Vgas The values obtained in the present work are greater than

here Viying and vgas represent respectively the free stream those presented in the literature, but the considered vege-

wind speed and the upward gas flow velocity in still air, both
at mid-flame.

Velocity vgasis deduced as being the inverse of the slope
of the curve tafw ;) versusVying by using a least-squares re-
gression based on the values of the flame parameters. Fig. 9
shows this linear regression.

From the slope of this curve one can obtain the value of
upward gas flow velocitygas= 0.48 ms™1. o %0 0o 180 200 ° %0 1010 200

face 2

Heat flux (kW/mz)
Heat flux (kW/m?)

face 3

1.8 T T T T T T T T T

— face 1
— face 2
- face 3

face 4
-+ fluxmeter

Heat flux (kW/mz)
Heat flux (kW/m?)

R 0 50 100 150 200 0 50 100 150 200
Time (s) Time (s)

Heat flux (kW/m?)

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

Table 2
J Different flame heights

Flame height (cm)

Wind speed [r5] Model | Model Il Porterie et al.
02 20 40 60 80 100 120 140 160 180 200 15 48 43 40
Time © 2 41 38 31
Fig. 7. Heat fluxes given by the sensor in fire experiment without wind. 25 38 34 29
Table 1
Flame parameters for different experiments
wind speedVying [M-S] 0 15 2 25
Experimental values Rate of spreRdcm:s] 15 21 4 57
by thermocouples
Flame height: ; [cm] 160 50 40 30
by video camera
Model | Rate of sprea® [cm:-s] 17 22 39 56
Flame heightz ; [cm] 140 48 41 38
Tilt anglea ¢ [°] 0 72 7 79
Emitted powekog [KW-m~2] 5.2 118 149 182
Model Il Rate of sprea® [cm-s] 17 24 42 6.0
Flame heightz ; [cm] 170 43 38 34
Tilt anglea ¢ [°] 0 72 77 80
Flame temperaturé [°C] 807 816 1176 1180
Extinction coefficientk ¢ m=14 0.14 015 011 012

Flame thickness [cm] 35 53 54 58
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At least, let us notice that the sensor briefly presented
here has other applications in forest fire modelling. It has
been used for the measurements of radiative absorption co-
. efficient, the calibration of vegetation flame models and the
af 1 reconstruction of the fire front.

tan(o)=2.00V,;

»

tan(oc,)
w
T
I
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