ELSEVIER

Available online at www.sciencedirect.com
ScienceDirect

International Journal of Thermal Sciences 48 (2009) 488-501

Internationsl
Journal of
Thermal
Sciences

www.elsevier.com/locate/ijts

Experimental study of laminar flames obtained by the homogenization
of three forest fuels

Virginie Tihay **, Albert Simeoni *, Paul-Antoine Santoni?, Lucile Rossi?, Jean-Pierre Garo®,
Jean-Pierre Vantelon®

4 SPE — UMR 6134 CNRS, University of Corsica, Campus Grossetti, BP 52, 20250 Corte, France
Y L.CD — UPR 9028 CNRS, ENSMA, University of Poitiers, 1 avenue Clément Ader, Téléport 2, BP 40109, 86961 Futuroscope Chasseneuil Cedex, France

Received 30 May 2007; received in revised form 19 March 2008; accepted 21 March 2008
Available online 24 April 2008

Abstract

This work aims to improve the understanding of the parameters involved in the burning of vegetative fuels. As the role of the surface-to-
volume ratio is already known, we focused on the influence of other parameters. Three Mediterranean species (Pinus pinaster, Erica arborea and
Cistus monspeliensis) were crushed in order to decrease the surface-to-volume ratio effects. The burning of these fuel samples produces unsteady,
axisymmetric, non-premixed, laminar flames. The thermal properties and the mass loss of the crushed fuels, the distribution of temperature
inside the sample and in the flame, the gases released by the fuels and the flame geometry were investigated. Thanks to these experimental data,
the influence of the different fuel properties was underlined. We observed that the mass burning rate of the samples mainly controls the flame
dynamics. However, the combustion kinetics in the flame depends on the degradation gases released by the fuels: the reaction zone is shifted and
the flame height is changed. It appears that the composition of the degradation gases has to be taken into account to improve forest fire modeling.

© 2008 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Fires devastate regularly forests and scrublands as well as
populated areas all over the world. Foresters and fire fighters are
faced with problems such as the management of wildland/urban
interfaces and safety zones. To deal with this kind of situations,
the fire phenomenon and specially the combustion of vegeta-
tion need to be better understood. Although the experiments at
field scale are valuable to validate the numerical models of fire
spread, they are not suitable to study precisely the influence
of each fuel property on the combustion. Experiments at labo-
ratory scale allow focusing on accurate phenomena as the fire
parameters are monitored and controlled. Among the experi-
ments conducted at laboratory scale to investigate the burning
of vegetative fuels, the following kinds of studies were carried
out:
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Thermal analysis and calorimetric studies [1-5] investi-
gate the thermal degradation processes of the plant species.
They provide information about the combustion kinetics
and its heat release. The heating rate is generally less than
40 K min~!. Thus, the experimental conditions are far from
actual wildfires.

Static combustion experiments are dedicated to the burning
of forest fuel. Samples are introduced in cylindrical baskets
[6,7]. The mass loss, the flame geometry and the tempera-
ture distribution are analyzed.

Different sets of fire propagation in pine needle beds
are carried out by a lot of authors [8—14]. These exper-
iments are mainly focused on the determination of the
rate of spread under different conditions (wind, slope, fuel
characteristics. . .) and are used to validate numerical mod-
els.

The last aspect concerns the degradation gases released by
forest fuels. Since the pioneering work of Grishin [15], the
combustible part of the devolatilization products is consid-
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Nomenclature
h enthalpy ..........oo i J
HF heatflow........ .. ... il w
Ahyg heating value per massof air............ kikg™!
L length. ... m
m TOASS « et vttt ettt e e kg
Ah reaction enthalpy ...................... kJkg™!
Cp specific heat capacity ............... Jkg 'K~!
fs stoechiometric coefficient in air
T TEMPErature. . . ..ot e eie e K
t 197101 s
Vv volume. ... m?
v value of the RGB components
a thermal diffusivity (A/pCp) ........o.... m?s~!
[ width ... o m
Greek symbols
ppulk  bulkdensity ........... . kgm™3
o fuel packing ratio

B heatingrate ..., Ks™!
P mass density........ooeevvviiieninnnn. kgm™3
T standard deviation

o surface-to-volume ratio.................... m~!
A thermal conductivity ............... Wm~K~!
Subscripts

B blue

empty empty pan

ethanol ethanol

G green

mean  mean value

P constant pressure

reference pan with reference sample

sample pan with sample

R red

k time increment

ered to be carbon monoxide burning in air, whatever the
vegetative species. However, these fuels are complex mate-
rials and the mixture composition of their degradation gases
depends on the vegetative species [5].

According to these works, the prevailing property, which
influences the combustion of vegetative fuels is the surface-to-
volume ratio. However, there is no study which points out the
influence of the other fuel properties and in particular of the
degradation gases. Thus, one can wonder whether (and how)
other parameters are involved. In order to answer to this ques-
tion, three different species (Pinus pinaster, Erica arborea and
Cistus monspeliensis) were crushed and sieved to decrease the
influence of the surface-to-volume ratio, which hides the contri-
bution of the other fuel properties. We studied experimentally
unsteady, axisymmetric, non-premixed laminar flames result-
ing from the burning of the samples. These flames bring three
main advantages. Firstly, they ensure a good reproducibility of
the experiments. Secondly, they allow pointing out the com-
bustion kinetics in the flames, which is often hidden by the
turbulence. Finally, time-varying laminar diffusion flame is a
class of non-premixed combustion [16] bridging the gap be-
tween steady laminar combustion and turbulent combustion that
is encountered in forest fires. It is clear that the results obtained
with laminar flames cannot be directly extended to real vege-
tation. However, this work can help to explain the combustion
processes occurring in a larger scale more realistic turbulent
flames. The study was conducted in two steps. On one hand, the
thermal properties of the crushed samples were obtained. A dif-
ferential scanning calorimeter (DSC) and a hot disk technique
were used for the determination of specific heat and thermal
conductivity, respectively. The gases released by the degrada-
tion of the fuels were determined with a tube furnace con-
nected to a gas chromatograph and a hygrometer. On the other
hand, the temperature distribution both in flame and inside the

crushed samples, the flame height and the flame radius as well
as the mass loss were measured. The experimental procedures
are described in the following section. Next, global observa-
tions are provided for the burning of a sample. The behavior of
the crushed fuel is then investigated and the gas phase is char-
acterized. Finally, the coupling between the fuel sample and the
flame is discussed.

2. Experimental devices and methods
2.1. Fuel samples

We studied the burning of three Mediterranean fuels: Pinus
pinaster, Erica arborea and Cistus monspeliensis involved in
wildland fires. These plants belong to the tree stratum, to the
higher shrub layer and to the lower shrub layer, respectively.
The needles of Pinus pinaster and the leaves and twigs of Er-
ica arborea and Cistus monspeliensis were collected in winter
during a period of hydrous stress for vegetation. Before exper-
iments, they were oven-dried at 60 °C during 24 hours. Then,
they were crushed and sieved to a particle size of 0.6-0.8 mm
to ensure similar geometrical parameters for the three species.
The moisture content due to self-rehydration was less than 2%
for all samples before each repetition.

2.2. Time-varying, axisymmetric, diffusion flame

2.2.1. Experimental device

The experimental device is shown in Fig. 1. The fuel sam-
ples were in the shape of a cylinder with a diameter of 3.5 cm
and a mass of 1.5 g. The depth of the sample depended on
the bulk densities of the fuel (ranging from 4 to 5 mm). The
combustion set-up was composed of a one square meter plate
drilled at its centre. A ten square centimetres insulator was



490

V. Tihay et al. / International Journal of Thermal Sciences 48 (2009) 488-501

2m
Camera 1

Closed
room

Vertical array

of
thermocouples Horizontal
array of

thermocouples

Camera 2

—

—

VAL 777777 7777 77777777777 77772

Data logger |

vZzzzzz7zz

Bench

Insulator

Thermocouple

Fuel sampl

TILLILTT P TI7TITTITIIIR ; — ~YIIILII 7T 777777777777 777777

‘-‘L
LI/ ITITTT77Z.

717747

(a)

o

ad

Fuel sample

Load
cell

/1117 1111775

Vertical array
of
thermocouples

Horizontal
array of
thermocouples

Insulator

(b)

Fig. 1. Sketch of the experimental apparatus. (a) Global view. (b) Side view.

included at this location to support the fuel samples. It was po-
sitioned on a load cell in order to measure the fuel mass loss
as a function of time. To insure a fast and homogeneous igni-
tion, a small amount of ethanol (0.7 mL) was spread uniformly
on the sample and was ignited with a flame torch. An array
of 11 thermocouples was positioned above the crushed fuel
along the flame axis. The first thermocouple was placed 1 cm
above the top of the support and the others were located 1 cm
from each other. A second array of thermocouples was located
horizontally movable at different heights to obtain the tempera-
ture along the flame radius and inside the crushed sample. The
spacing between these thermocouples was 5 mm. The thermo-
couples used were mineral-insulated integrally metal-sheathed
pre-welded type K (chromel-alumel) pairs of wire with an ex-
posed junction. At the exposed junctions, the wires are 50 um in
diameter. The load cell was chosen for its short response time

(0.2 s) compared to the analytical balances which have a re-
sponse time greater than 3 s. The uncertainty in temperature
and mass measurements were respectively 0.5 °C and 0.031 g.
The sampling frequency was 100 Hz. Two visible cameras were
located inside the room (Fig. 1). Camera 1 followed the flame
behavior and the flame height. Camera 2 was placed above the
flame in order to record the regression of the flame basis. The
ambient temperature was 21 °C and the relative humidity was
50%. At least five repetitions were made to collect reliable data
for each fuel.

2.2.2. Image processing

The experiments were recorded on DV-PAL tape (images
capture frequency: 1/25 s, image size: 720 x 576). The films
were then exported on a computer in an AVI standard. Before
the first experiment, a short video of a ruler put at the flame
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Fig. 2. Image processing. (a) Image extracted from the movie. (b) Binary image.

position was carried out in order to obtain a geometrical ref-
erence of measurement. An image processing procedure was
developed in order to follow the flame height and the flame ra-
dius (recorded by camera 1 and 2 in Fig. 1) as a function of time
during combustion. Images were extracted from videos with
a sampling rate of 0.5 Hz as the flame was laminar, axisym-
metric and did not flicker (Fig. 2(a)). This frequency allowed
reducing the processing time without loosing accuracy. Next,
a flame region segmentation procedure using RGB color space
was applied on each image; more precisely on a square image
zone containing the flame. This restriction allowed eliminating
spurious detection like the presence of thermocouples. On the
first extracted image, a set of pixels from the flame region were
used as a reference. The “average” and the standard deviation of
their RGB components were computed [17]. Then, each pixel
was associated to a RGB vector v = (vg, vg, vg). The denom-
ination “mean” is relative to the average color of the reference
zone. The measurement of similarity was carried out by using
the Euclidean distance. An arbitrary point in RGB color space
is similar to the flame zone if the distance between their RGB
vectors is less than a specific threshold equal to 25 (higher val-
ues provided the same results):

D(V, Umean)

= \/(UR - Umean,R)2 + (vg — Umean,G)2 + (v — Umean,B)2

<25 ey

Color-related information was then replaced by binary data.
The pixels belonging to the flame were colored in white and the
others in black (Fig. 2(b)). Next, the flame height and the flame
radius were computing using Cartesian coordinates of the white
area in the image plane. For the frontal view, the flame height
corresponded to the height of the white area. In the case of top
vision, the flame radius was the average diameter of the white
area.

2.3. Geometrical properties of the samples

2.3.1. Bulk density

For determining the bulk densities ppyx of the samples,
a fixed volume was filled with fuel and weighted. These mea-
surements were repeated ten times. An average of these values
was calculated as well as the standard deviation.

2.3.2. Surface-to-volume ratio

The mean surface-to-volume ratio o of the particles was ob-
tained with a granulometric analysis. A sample of each species
was treated by image processing using a high resolution scan-
ner. It provided the mean length and the width of the particles.
By assuming that the shape of the particles was a cylinder, the
mean surface-to-volume ratios were calculated for each sample
with the following relation:

2 4

2.4. Physical properties of the samples

2.4.1. Specific heat

The measurements of the specific heat were performed using
a differential scanning calorimeter (model DSC Setaram® 131).
It is a thermal analysis technique in which the difference in the
amount of heat required to increase the temperature of a sample
and a reference are measured as functions of temperature. The
samples were about 50 mg and were placed in an aluminium
pan. The experiments were carried out at atmospheric pressure
under air flow. In order to determine the specific heat of the
samples, a “three-step” method with two pans was used: the
same temperature program was applied to each sample, to a
reference sample (i.e. zinc) and to an empty pan. The tempera-
ture program is based on a stepwise method. Each run consists
in successive temperature increments of 20°C performed at
5°Cmin~!. After each increment, a waiting period of 5 min
is observed to obtain a stable signal. The temperatures ranged
from 80 to 200 °C what allowed studying the fuel sample just



492 V. Tihay et al. / International Journal of Thermal Sciences 48 (2009) 488-501

before its thermal degradation. Mean specific heat in the range
of temperature [Ty, Ty+1] was calculated with the following re-
lationship:

Cpmean,sample (Tk - Tk+1)
Myreference
" Pmean,reference
Msample
S HE pte dT — [ HF gy dT
« Tk sample Tk empty 3)

Ty Ty
kak+l HF eference dT — kak+| HFempty dT

where HF stands for the heat flow, m is the mass of the sam-
ple, C), represents the specific heat and k is a time. The details
concerning Eq. (3) are provided in Appendix A.

2.4.2. Thermal conductivity

Thermal conductivity measurements were conducted using
the hot disk technique [18], which is a transient plane source
method. The hot disk technique can be used to measure thermal
conductivity in the range of 0.005 to 500 Wm~! K~!. The hot
disk sensor is made of a double spiral of nickel wire. During
the experiments, the hot disk sensor was placed in the fuel sam-
ple. A small constant current was supplied to the sensor used
as a temperature monitor. The temperature increase in the sen-
sor was accurately determined through resistance measurement.
By monitoring this temperature increase over a short period of
time after the beginning of the experiment, it is possible to ob-
tain accurate information on the thermal conductivity of the
fuel sample. The thermal conductivity measurements were per-
formed for the three species and for two temperatures: 100 and
200 °C. The uncertainty of the measurements is 5%.

2.4.3. Density and fuel packing ratio

For each sample, the density measurement was performed
with a graduated test tube of 10 ml. The determination of the
density was carried out in three steps. Firstly, a mass of sample
(Msample) Was placed in the tube test. 3 ml of absolute ethanol
(V ethanol) Was added in the tube. The absolute ethanol allows
obtaining the same results as water. However, it ensures the to-
tal immersion of the fuel sample in the fluid and has a highest
wetting power. Finally, the total volume (V (ota1) Was noted. The
density of the sample is given by:

Mgsample

“

Psample = 5 +,
Viotal — Vethanol

These measurements were repeated three times. The fuel pack-
ing ratio corresponds to the ratio between the bulk density and
the density of the fuels. It is given by the relation:

o= Pbulk )

Psample

2.5. Composition of the pyrolysis gases

The tube furnace apparatus used as pyrolyser is shown in
Fig. 3. It is made of a cylindrical furnace 43.5 cm long with
an internal diameter of 6.5 cm. The reactor inside, is 86 cm
long with an inner diameter of 5 cm. Two thermocouples were
used to record the temperature history in the furnace. One was
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Fig. 3. Schematic of the tube furnace (1 thermocouple, 2 temperature controller,

3 bearing, 4 nitrogen injection, 5 electric furnace, 6 sample box, 7 air suction,
8a—c valves, 9 gas samplers).

fixed on the inner surface of the furnace and the other was
placed in the combustion chamber to follow the temperature in
the sample at different height. Experiments were conducted for
the three fuels. Thermogravimetric analysis showed that vege-
tative samples lose about 60% of their mass between 280 and
430°C [19]. Thus, we present only the gas mixtures released
during this range of temperature as they are characteristic of
the combustion in the flame. The temperature of the furnace
was set at 450 °C. This furnace temperature allows the samples
attaining the chosen range of temperature. Gases were collected
into a balloon called the gas sampler, hereafter. The sample box
filled with 4 g of sample was kept outside of the furnace un-
til the temperature of the furnace reached the required value.
At the same time, air suction was switched on, the gas sam-
pler was opened and nitrogen was injected at 1 L /min to obtain
an inert atmosphere in the device. Once the temperature was
stable, the sample was introduced inside the furnace. The in-
jection of nitrogen was stopped, gas sampler was closed and
the valve (8a on Fig. 3) allowing the ejection of gases outside
the apparatus was opened. When samples reached the required
temperature, gas sampling began. Valve 8a was closed, a gas
sampler was opened and nitrogen was injected into the reac-
tor to fill the gas sampler with pyrolysis gases. Then the gas
sampler was directly attached either to the gas chromatograph
(Flame Ionization Detector and Thermal Conductivity Detec-
tor) or to the hygrometer (EdgeTech Model 2001 Series Dew-
Prime) measuring the dew point with a resolution of 0.1 °C. The
mass loss of the sample between 280 and 425 °C was measured
for each test. At least three repetitions were carried out. Three
tests without fuel were also carried out to verify that there was
no leak.

3. Results and discussion

The main objective of this section is to determine the driv-
ing parameters of the fuel combustion. To proceed, we com-
pare the flames resulting from the burning of the three crushed
vegetative fuels (Pinus pinaster, Erica arborea and Cistus mon-
speliensis). First of all, we describe the global behavior of the
three flames. Next, the physical and geometrical properties of
the crushed fuel are depicted as well as the temperature in the
sample and its mass loss. Then, the composition of the degra-
dation gases and the temperature distribution in the flame are
presented. Finally, the coupling between the sample and the
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Fig. 4. The remaining solid phase after extinction for Pinus pinaster. (a) Cut-away view, (b) top view.

flame is underlined through the study of the flame geometry
and the axial temperature.

3.1. Burning experiments

The same global tendency was observed for the burning of
all the vegetative fuels, including three different stages: igni-
tion, laminar flame and extinction. The first stage lasted about
60 s and corresponded to a flickering flame. Then, the flame
became laminar. It was axisymmetric and slightly conical with
a narrow tip (Fig. 2). The flame height and radius decreased
slowly. To explain the visually observed transition from a flick-
ering to a laminar flame, frequency domain analyses of tem-
perature profiles were performed. Between O and 60 s, the
graph showed an 8 Hz predominant frequency characteristic of
ethanol. The flame fluctuations were due to the presence of the
ethanol used to ignite the sample. After 60 s, the 8 Hz frequency
vanished on the frequency domain analyses as the ethanol was
completely burned. The fuel was only composed of the degrada-
tion gases and the flame became laminar. Finally, the last stage
concerned the flame extinction. The remaining solid phase was
essentially made up of carbon at the surface of the sample with a
certain amount of unburned fuel near the support (Fig. 4). Con-
trary to the other samples, the particles of Erica arborea were
covered by tar. For the whole species, a small and negligible
amount of ashes was observed at the surface. The combustion
time depended on the species. It lasted on average 100, 155 and
170 s, respectively, for Cistus monspeliensis, Pinus pinaster and
Erica arborea.

3.2. Description of the crushed sample

3.2.1. Ultimate analysis

The ultimate analysis of each fuel is presented in Table 1.
The composition in C, H, and O of the samples is close. The
main differences concern the ash contents. Cistus monspelien-
sis’one is nine times greater than for Pinus pinaster. The in-
organic part affects the plant combustion. Some mineral mat-
ter, present in the fuel, strongly catalyses the decomposition

Table 1
Ultimate analysis of three fuels (wt. %)
Fuel Elements

C H (0] Ash
Pinus pinaster 50.64 6.76 41.53 1.07
Erica arborea 52.43 6.98 35.92 4.67
Cistus monspeliensis 46.58 6.22 37.68 9.52

of cellulose components [20]. High ash contents decrease the
volatilization rate, increase the residue and induce a lower tem-
perature of active pyrolysis [1].

3.2.2. Density

The mean densities of the samples are 927, 831 and 904
kg m~3 respectively for Pinus pinaster, Erica arborea and Cis-
tus monspeliensis. These values are higher than for uncrushed
plants [6]. Crushing exposes all the internal structure of leaves
and thus involves the apparition of gaps in the mesophyll and
conducting tissues. For a same mass, the volume of the crushed
samples is lower than the uncrushed plants’ ones increasing
their density.

3.2.3. Surface-to-volume ratio

The mean surface-to-volume ratios of the samples are 6494,
6755 and 7198 m~! respectively for Pinus pinaster, Erica ar-
borea and Cistus monspeliensis. The surface-to-volume ratio
of Cistus monspeliensis is higher than the two other’s ones. In
literature [21], the surface-to-volume ratios of the uncrushed
plants are very different as they are around 4260 m~! for Pinus
pinaster, 8200 m~! for Erica arborea and 3250 m~! for Cis-
tus monspeliensis. The crushing and the sieving allow obtaining
samples with a comparable surface-to-volume ratio. The influ-
ence of this factor was thus minimized allowing us studying the
impact of the other parameters.

3.2.4. Thermal diffusivity

3.2.4.1. Specific heat. The mean specific heats between 80
and 200 °C of the sample are 2017, 1856 and 1834 Jkg~! K~!
respectively for Pinus pinaster, Erica arborea and Cistus mon-
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Table 2
Thermal conductivities for the three samples

Table 3
Thermal diffusivities for the samples

Thermal conductivity (W m~! K1)

Thermal diffusivity (m? s~ !)

Species Temperature (°C) Species Temperature (°C)

100 200 100 200
Pinus pinaster 0.112 0.119 Pinus pinaster 1.52x 1077 1.62x 1077
Erica arborea 0.115 0.119  Erica arborea 1.65 x 1077 171 x 1077
Cistus monspeliensis 0.107 0.115 Cistus monspeliensis 1.96 x 1077 2.1 x 1077

speliensis. Some little fluctuations were observed during the
measurements. They were due to two endothermic reactions:

e The vaporization of the water occurred around 100 °C. Wa-
ter content (less than 2%) came from the self-rehydration of
the fuel.

e The release of volatile organic compounds like terpenic
molecules [22] that took place below the pyrolysis temper-
ature [23].

Howeyver, the influence of these endothermic reactions can
be neglected as, during this range of temperatures, the specific
heat varies slightly around the mean value. The standard devi-
ation is less than 5%. The specific heat of the three species is
roughly the same. The specific heats of Erica arborea and Cis-
tus monspeliensis are very close whereas the Pinus pinaster one
is slightly higher. In literature, few data concerning vegetal fuel
are reported apart from wood. The specific heat of dry wood
depends on temperature and is given by [24]:

derywood =103.143.867T (6)

Thus, the specific heat of dry wood is 1545 and 1932 Jkg~! K~!
respectively at 100 and 200 °C. These values are near our re-
sults.

3.2.4.2. Bulk density. The bulk densities of the crushed sam-
ples are 365, 376 and 298 kgm™ for Pinus pinaster, Erica
arborea and Cistus monspeliensis, respectively. The mean stan-
dard deviation is less than 3.2%. The measurements are quite
reproducible. According to the values of the density and to the
bulk density, the fuel packing ratio is 39% for Pinus pinaster,
45% for Erica arborea and 33% for Cistus monspeliensis. In
the experiments carried out at laboratory scale for fire across
pine needles [11-14], the fuel packing ratio of the pine litters is
about 3%.

3.2.4.3. Thermal conductivity. Table 2 shows the thermal
conductivities of the samples at 100 and 200 °C. The standard
deviation is 0.002. For the three fuels, the thermal conduc-
tivities are low (less than 0.2 Wm~! K~!) and close. For the
two temperatures, the thermal conductivity of Erica arborea
is slightly higher than respectively Pinus pinaster and Cistus
monspeliensis’s one. Between 100 and 200 °C, the change of
thermal conductivity is essentially due to the vaporization of
the water and the release of volatile organic compounds. At this
extended range of temperature, no further change is observable
for the thermal conductivities. Like for the specific heat, these
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Fig. 5. Temperature of Pinus pinaster on the surface sample.

two reactions can be neglected. While significant literature has
been reported on thermal conductivity of wood, little has been
reported on other vegetal fuel. The values obtained for wood
are close to our results [25]. For the three samples, the thermal
conductivity seems to be linked with the fuel packing ratio. For
a same temperature, the sample with the highest fuel packing
ratio exhibits the highest thermal conductivity. This tendency is
reported by Suleiman et al. too [26].

3.2.4.4. Thermal diffusivity. The thermal diffusivity (noted a)
is given by the relation:

_ A
Poulk - Cp

Table 3 presents the thermal diffusivities at 100 and 200 °C for

the three samples. For both temperatures, the highest thermal

diffusivity is obtained for Cistus monspeliensis followed by Er-
ica arborea and Pinus pinaster.

a

)

3.2.5. Sample temperature

The sample temperature was determined by using the hor-
izontal array of thermocouples located on the crushed sample
(Fig. 1(b)). For the three fuels, the surface temperature follows
the same trend. Fig. 5 shows only the mean surface temperature
of Pinus pinaster for five experiments. Around 10 s, the maxi-
mum temperature is located at 1.5 cm, which corresponds to the
position of the flame sheet. At this moment, the remaining part
of the surface is heated by radiant heat flux leading to a linear
temperature increase. After 20 s, the flame sheet moves towards
the centre and the temperature decrease at 1.5 cm. At 80 s,



V. Tihay et al. / International Journal of Thermal Sciences 48 (2009) 488-501 495

700
600 - .,/’(Y

X ex
=

e

[42]
o
o

A

temperature (°C)
n (] B
o o o
o o o

2t &
100 s s
:?mmmu sueseeegresaiiy FRETES il
e Fpansmmdaa
. "

treter et

0

0 20 40 60 80 100 120 140 160
time (s)

[-=-4 mm (bottom) =3 mm - 2 mm — 1 mm — 0 mm (surface)|

(a)

temperature (°C)
s
o
S

200 T

L
P T T

el
wqwﬁg“ rees JITTIRIRENSTETTTs Y]

T T T

0 20 40 60 80 100 120 140 160 180
time (s)

[+-4 mm (bottom) =3 mm —+ 2 mm ~ 1 mm -0 mm (surface)]
(b)

-—
—— -
et e

temperature (°C)

nov u—o—o—6

0 T T T T 1
0 20 40 60 80 100
time (s)
[+5 mm (bottorn) =4 mm — 3 mm —2 mm = 1 mm —0 mm (surface)|

()

Fig. 6. Temperature along the depth of the sample at 5 mm from the centre for
(a) Pinus pinaster, (b) Erica arborea, (c) Cistus monspeliensis.

the reaction zone of the flame arrives at 1 cm from the centre.
We observe the same trend: the temperature reaches a maxi-
mum and then decreases with the radius reduction. Thus, the
evolution of the surface temperature highlights the regression
of the flame base during the burning.

Inside the sample, the temperature increases differently ac-
cording to the fuel. Fig. 6 (a) to (c) shows the mean temperature

along the depth of the sample at 5 mm from the centre for
the three species. It is possible to observe a propagation of the
heat wave in the sample. The particles are heated by conduc-
tion from the surface to the bottom. Below 200 °C, the sample
does not degrade. Thus, for the whole fuels, near the support,
the sample temperature is too weak so that the sample degrades.
This observation explains the presence of the unburned fuel at
this location (Fig. 4). For Pinus pinaster, only the particles lo-
cated on the first millimetre under the surface give a sufficient
temperature to degrade. For Erica arborea and for Cistus mon-
speliensis, the sample degrades over the two first millimetres.
However, the temperature recorded at 1 mm under the surface
is higher for Cistus monspeliensis than for Erica arborea. Thus,
the heat diffusion is more significant in the sample depth for
Cistus monspeliensis than respectively for Erica arborea and
Pinus pinaster. This behavior is in agreement with the thermal
diffusivities of the samples (Table 3) as the thermal diffusiv-
ity of Cistus monspeliensis is greater than Erica arborea’s and
Pinus pinaster’s ones.

3.2.6. Mass loss

The load cell allowed obtaining the evolution of the mass
loss for the three samples. The mean mass loss was calculated
from five experiments and approximated by 4th order polyno-
mials (Fig. 7(a)). The global mass loss of the samples is 0.14,
0.25 and 0.15 g respectively for Pinus pinaster, Erica arborea
and Cistus monspeliensis. It corresponds to a percentage be-
tween 10 and 18% of the combustible part of the samples (sam-
ple mass minus ash proportion).

During the ignition stage, the most significant mass loss is
observed for Cistus monspeliensis followed by Erica arborea
and Pinus pinaster. The combustion of Cistus monspeliensis
stops quickly in the laminar stage whereas the mass loss of the
two other samples goes on. This difference of combustion dy-
namics is mainly due to the surface-to-volume ratio of Cistus
monspeliensis’s particles. As said previously, a high surface-
to-volume ratio involves a most efficient absorption of the ra-
diative heating leading to a quickest combustion [6]. Thus, for
Cistus monspeliensis, the crushing and sieving of the leaves was
not sufficient to decrease the effect of the surface-to-volume
ratio. This result shows the interest to crush and sieve the veg-
etative fuels to observe the impact of the other physical prop-
erties on their combustion. The change of surface-to-volume
ratio between Erica arborea and Pinus pinaster is less substan-
tial (around 4%). It cannot induce the mass loss difference of
the two samples. Two secondary parameters, the ash content
(Table 1) and the thermal diffusivity of the samples (Table 3)
can explain this behavior. Firstly, the amount of mineral is four
times higher for Erica arborea than for Pinus pinaster involv-
ing a lower pyrolysis temperature for Erica arborea than for
Pinus pinaster [1]. Secondly, the thermal diffusivity of Erica
arborea is higher than the one of Pinus pinaster, leading to
a more significant heat diffusion in the sample of Erica ar-
borea (Fig. 6). Thus, the combination of these two parame-
ters entail to a more significant degradation of Erica arborea
and to an higher mass loss of this sample during the ignition
stage.
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Fig. 7. (a) Mean mass loss for the three fuels. (b) Mean mass loss rate for the
three fuels.

During the laminar phase, others factors control the mass
loss of the samples. Fig. 7(b) presents the mean mass loss rate
for the three fuels during this stage, approximated by 3rd or-
der polynomials. The mass loss rates of Cistus monspelien-
sis are lower than the two other ones as this sample finishes
its burning. Although the thermal degradation occurs deeper
in the sample of Erica arborea (Fig. 6), the mass flow rate
of degradation gases of Erica arborea and of Pinus pinaster
are close. The degradation of Erica arborea’s sample produces
more tar, which settles on the sample surface reducing the mass
loss.

The mass loss is piloted by the value of the surface-to-
volume ratio. However, for a same value it depends on the
sample temperature, the ash content and the tar yield.

3.3. Description of the gas phase

3.3.1. Degradation gases

Table 4 shows the degradation gases analyzed for the three
fuels. They consist of CO,, CO, CHg, H>O, C4Hg and lower
values of C, and C4 hydrocarbons. These results are in agree-

Table 4
Mass fractions of the main pyrolysis gases released by the degradation of the
three samples

Gas Fuel
Pinus pinaster Erica arborea Cistus monspeliensis

CcO 0.257 0.142 0.127
CO, 0.494 0.722 0.590
CHy 0.078 0.020 0.035
CoHy 0.010 0.004 0.007
CyHg 0.016 0.006 0.009
C3Hg 0.001 0.001 0.004
C3Hg 0.007 0.005 0.011
C4Hg 0.034 0.040 0.051
C4Hg 0.011 0.009 0.019
Cq4Hy 0.003 0.003 0.008
H,0 0.089 0.047 0.138
Hjp 0.000 0.000 0.000
(67) 0.000 0.000 0.000

ment with the literature [15]. The degradation products released
by Pinus pinaster contain more combustible gases than the
other species (between 1.5 and 1.8 times more). The high-
est water content is observed for Cistus monspeliensis. The
gases of Erica arborea hold more carbon dioxide than the
two other fuels. All these gases come for the most part from
the degradation of the ligno-cellulosic compounds. Hemicel-
lulose degrades between 200 and 300 °C [27] and contributes
weakly to the composition of degradation gases occurring dur-
ing the range of temperature studied (280 to 430 °C). Cellulose
is mainly responsible for the production of flammable volatile
gases [28]. Between 300 and 350 °C, the formation of tar va-
por from cellulose becomes predominant due to the decrease
of its degree of polymerization. A deposit of tar on the reac-
tor outside the furnace confirms this result. The degradation of
lignin occurs between 225 and 450 °C. Although it produces
some volatile gases, lignin is principally responsible for the
char formation [29]. Thus, the degradation gases come mainly
from cellulose [30].

3.3.2. Radial temperature

As the radial temperatures follow the same trend for the three
species, the mean radial temperatures at 1 cm high for Erica ar-
borea is only presented (Fig. 8(a)). During the first 60 s, the
curves fluctuate due to the ignition with ethanol, then, they
become smooth during the laminar stage. The maxima corre-
spond to the crossing of the thermocouples by the flame sheet.
As the flame height and radius decrease, these maxima move
to the centre of the samples. Fig. 8(b) shows the mean radial
temperature at 1 cm high at 60, 110 and 160 s. As the flame
comes through the array of thermocouples, the temperature dis-
tribution obtained on Fig. 8(b) is characteristic of the profile
obtained for a diffusion flame [31].

3.3.3. Vertical temperature

Like for the radial temperature, the vertical temperatures
follow the same trend for the three species. The mean time
evolution of temperature for thermocouples number 1, 2, 3,
4, 5, 7 and 11 are presented in Fig. 9 for Erica arborea,
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as they are representative of the fire plume. The first stage
of the flame (presence of alcohol) lasts approximately 60 s
and will not be considered in the following. At the beginning
of the second stage, thermocouples 1 to 5 take place inside
the laminar flame, while the others (thermocouples 7 and 11)
are located above it. The maximum temperature observed in
the flame is around 1000 °C. As the flame decreases during
this stage, thermocouples 1 to 3 remain wrapped up in the
flame. Thermocouples 4 and 5 cross the flame during its regres-
sion recording successively the temperature of the flame and
that of the thermal plume. The temperature decreases progres-
sively from 800 °C to the ambient. The temperature recorded
by the upper thermocouples (thermocouples 7 and 11) decrease
slowly from 600 °C to the ambient with more fluctuations,
since the flow becomes progressively turbulent in the thermal
plume.
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3.4. Coupling between the sample and the flame

The coupling between the sample and the flame can be par-
ticularly highlighted by two variables: the flame geometry and
the temperature distribution.

3.4.1. Flame geometry

The geometrical description of the flame was managed with
two visible cameras (Fig. 1). Fig. 10 shows the visible radius
of the flame base as a function of mass flow rate. The flame ra-
dius of Cistus monspeliensis decreases linearly with the mass
flow rate. For the two other species, the radius decrease is slow
for high mass flow rate. But, when the mass flow rate reduces,
the regression of the flame base is more significant. For a given
flow rate, the flame radius of Cistus monspeliensis is smaller
than for the other species. It is certainly due to the high ther-
mal diffusivity of this sample. Fig. 11 presents the visible flame
height versus the mass flow rate of the degradation gases. These
curves can be approximated by a straight line. For Cistus mon-
speliensis, the slope of the curve changes for heights lower than
0.5 cm. This part of the graph corresponds to the flame extinc-
tion. Contrary to the two other species, the flame extinction of
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Fig. 12. Mean temperature along the flame axis and at 1 cm high versus the
mass flow rate of the degradation gases.

Cistus monspeliensis is gradual. According to Fig. 11, the flame
height and the mass flow rate of the degradation gases are also
proportional. This behavior of laminar flame was also depicted
by Jost [32]. The highest coefficient of proportionality is ob-
tained for Pinus pinaster followed by Erica arborea and Cistus
monspeliensis.

In order to study the influence of the degradation gases on
the flame geometry, we compared the flame height of Pinus
pinaster and Erica arborea for the same mass flow rate (around
3x 1070 kg s~1) and flame radius (1.5 cm in Fig. 10). We can
see in Fig. 11 that the flame height is taller for Erica arborea
than for Pinus pinaster. As the mass flow rates of the gases and
the flame radiuses are identical, this difference can be only due
to the degradation gases released by the fuels (Table 4).

3.4.2. Temperature distribution

Fig. 12 presents the mean temperature at 1 cm high ver-
sus the mass flow rate of the degradation gases. We reversed
the abscissa axis to follow the chronology of the experiments
(high mass flow rates correspond to the beginning of the lam-
inar stage). The curves of Erica arborea and Pinus pinaster
are close whereas Cistus monspeliensis’s one differs. In these
graphs, we can distinguish three regions:

e For the highest mass flow rates (until 2, 1.5 and 0.5 x
1070 kg s~ ! respectively for Pinus pinaster, Erica arborea
and Cistus monspeliensis), the thermocouple at 1 cm high is
in the fuel rich zone where an oxygen deficit appears. When
the flow rate decreases, the flame approaches thermocou-
ple and the temperature increases steadily. For a same flow
rate, the gas temperature of Cistus monspeliensis is higher
than Erica arborea’s one and Pinus pinaster’s one.

e For amass flow rate of 2, 1.5 and 0.5 x 107® kg s~! respec-
tively for Pinus pinaster, Erica arborea and Cistus mon-
speliensis, the thermocouple hits the combustion zone. The
mean temperature is maximal and is around 1000 °C for the
three fuels. The heating value per mass of air is calculated
from the composition of degradation gases (Table 4) thanks
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to the following relation:
Ahg = Ahf; ®)

where A#h is the reaction enthalpy of degradation gases
(10.28, 5.61 and 8.01 MJkg~! respectively for Pinus
pinaster, Erica arborea and Cistus monspeliensis) and
where f; corresponds to the stoechiometric coefficient in
air (0.31, 0.59 and 0.40 respectively, for Pinus pinaster, Er-
ica arborea and Cistus monspeliensis). The heating value
per mass of air calculated for each gas composition is 3.23,
3.29 and 3.19 MJ kg;r1 respectively for Pinus pinaster, Er-
ica arborea and Cistus monspeliensis. Although the reac-
tion enthalpies of the degradation gases are very different,
the heating values per mass of air are close for the three
fuels as the reaction is piloted by the available dioxygen
during the combustion. These values explain the weak dif-
ferences of maximal temperature in flames.

e After the last range of mass flow rate, the temperature de-
creases as the thermocouple is up to the reaction zone, at
the beginning of the thermal plume.

To study the influence of the degradation gases on the tem-
perature, we compared its distribution along the flame axis for
Pinus pinaster and Erica arborea for the same mass flow rate
(around 3 x 107® kgs~!) and same flame radius (1.5 cm in
Fig. 10). Fig. 13 presents the mean axial temperature versus
the vertical position for these fuels. The two curves give the
same maximal temperature. However, the temperature profiles
are different. The combustion of Pinus pinaster takes place
closer to the surface sample than Erica arborea’s one. The
combustion kinetics is also different and depends on the com-
position of degradation gases. In the thermal plume, the tem-
perature decrease is identical for the two species. The tem-
peratures are controlled by the radiation losses in the lower
part and by the mixing of burnt gases with air in the upper
part.

Thus, the temperature distribution recorded by the thermo-
couples is linked to the mass flow rate. Although the maximal

temperatures are close for the whole species, their combustion
kinetics varies following the composition of their degradation
gases.

4. Conclusions

Surface-to-volume ratio is the driving parameter of forest
fuel combustion. To understand the influence of the other pa-
rameters, the burning of crushed vegetative fuels was studied.
This influence can be described as follows:

The sample mass loss depends on:

e The surface-to-volume ratio. We decreased its influence by
crushing the samples.

e The temperature of the whole sample, which depends on
the thermal diffusivity.

e The ash content of the plants and the tar production.

In the gas phase:

e Six main gases were identified during the thermal degrada-
tion of fuels: CO, CHy, CO,, H,O and C4Hg.

e The maximal temperature in the flames is roughly the same
for the three species as the heating values per mass of air of
their degradation gases are close.

e The temperature profiles vary among vegetative fuels in
the flame as the combustion kinetics depends on the com-
position of degradation gases. The differences inside the
thermal plume are less important because of the radiation
losses and the mixing of burnt gases with air.

Concerning the coupling between the sample and the flame:

e The flame height is proportional to the mass flow rate.
e The flame height depends on the composition of the degra-
dation gases.

Theses results obtained with laminar flames cannot be di-
rectly extended to real vegetation. However, this study can
help to explain the combustion processes occurring in a larger
scale more realistic fire. For laminar flames, the dynamics is
influenced by the mass burning rate of the sample whereas
the combustion kinetics depends on the degradation gas com-
position. By assuming that the chemistry of combustion re-
mains the same as those associated to turbulent flames, the
degradation gases should act upon them too. Thus, to im-
prove the detailed models of forest fires [33,34], the degra-
dation gases should be taken into account more precisely in
particular by incorporating the main pyrolysis gases. With this
in mind, the gas composition provided in this work can be
used for the implementation of such models instead of the
Grishin’s hypothesis [15]. To go further into the improve-
ment of forest fire modeling, we will test Grishin’s hypothesis
and investigate gas phase combustion mechanisms which con-
sider the main degradation gases released by the vegetative fu-
els.
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Appendix A

To increase the precision of specific heat measurement, an
original method was applied in this study. The mean specific
heat was calculated from its definition:

oh
mez a_T »

where the sample mass m is constant.
The integration of Eq. (A.1) between T} and Ty gives:

(A.1)

Tk+l Tk+l Tk+1
/C dT / 0nN (1Y 4r! /HFdT
m = B _ = —
b 3t ) p\ T ) p B
Ty Tx Tk

(A2)

where f is the heating rate and HF stands for the heat flow.

The left-hand side of Eq. (A.2) was estimated as follow:
Tk+1

Cp dT = Cp,mean(Tk+1 —Ti) (A.3)

Ty
where Cp mean is the mean value of C, on the interval
[Tk, Tkt11-

The fuel sample was placed in an aluminium pan. The DSC
measures the heat flows (HF') of the sample and that of an empty
pan. The heat flow released by the fuel sample is given by:

HF sample = HFmeasured — HF empty (A4

Finally, for the sample and the reference (i.e., zinc), Eq. (A.2)
becomes:

m Sample Cpmezm, sample (Tk"r 11— Tk)

Tit1 Tie+1
=% / HF qumple dT — / HF empty dT (A.5)
Ti Ti
Myeference C prcanreferonce (Tk+1 — Tk)
Tt Tiet1
—5( [ Hreedr — [ HFemyar (A6)
T T

By dividing Eq. (A.5) by Eq. (A.6), the mean value of Cp, .., mpie
on the interval [T, Tyy1] is:

Cl’mean,samp]e (Tk+1 g Tk)
=C Mreference
— “ Pmean,reference
Mgample
S HF gample d T — [ HF eppry d T
Tk sample T empty
x (A7)

by Tk
kakH HF reference dT — kaHl HFempty dT

The determination of Cp ..o umpie (Tk+1 — Ti) implies the
knowledge of Cp, ... rererence - AccOrding to [35], the specific heat
of zinc is given by:

C =3625+525x 1072T +1.16 x 107472 (A.8)

Preference

The integration of Eq. (A.8) on interval [T}, Tx1] provides:

Tk+1

dT

Preference
Ty

5.25 x 1072

= (Tjy1 — Tk)[362.5 + = (T + Tiet1)

116 x 107* 5
— (T + TiTisr + Ty y) (A.9)
By identification with Eq. (A.3), we obtain for Cp_ .. ference:
5.25 x 1072
Cpmean,reference =362.5 + (Tk + Tk+1)
116 x 107* 5
f(Tk + Tk Tir + TE)  (A10)
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