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Abstract – The aim of this work is to improve the understanding on the coupling 

between the gas and the solid phases occurring in forest fires. We studied three species 

representative of the Mediterranean vegetative cover (Pinus pinaster, Erica arborea and 

Cistus monspeliensis). We crushed them in order to decrease the geometrical effects and 

to focus on the heat and mass transfer occurring during their combustion. The coupling 

between the crushed fuels and the flame was studied experimentally from unsteady, 

axisymmetric, non-premixed, laminar flames. The thermal properties and the mass loss 

of the solid phase, the distribution of temperature in the two phases, the gases released 

by the fuels and the flame geometry were measured. The results showed that the thermal 

degradation of the solid phase depends on the thermal properties of the sample, on the 

ash content and on the surface-to-volume ratio. Although the mass burning rate of the 

samples mainly controls the flame dynamics, the degradation gases proved to influence 

its temperature and geometry. 
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NOMENCLATURE 

Heat flow HF W 
Heating value per mass of air ahΔ  kJ.kg-1 
Length L M 
Mass m Kg 
Reaction enthalpy hΔ  kJ.kg-1 

Specific heat capacity Cp J.kg-1.K-1 
Stoechiometric coefficient in air fs  
Temperature T K 
Volume V m3 

Thermal diffusivity ( λ/ρCp) a m2.s-1 
Width l M 
 
Greek symbols 
 
Bulk density  bulkρ  kg.m-3 

Fuel packing ratio α  
Mass density ρ kg.m-3 

Surface-to-volume ratio σ  m-1 

Thermal conductivity λ W.m-1.K-1 
 

Subscripts 

Empty pan Empty 
Ethanol Ethanol 
Mean value Mean 
Pan with reference sample Reference 
Pan with sample Sample 
Time increment K 
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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 vegetation need to be better understood. 

The mechanisms occurring in forest fires are strongly coupled and this aspect was 

poorly studied up to now. Although the experiments at field scale are valuable to 

validate the numerical models of fire spread, they are not appropriated to investigate the 

coupling between flames and combustible fuels. Experiments at laboratory scale allow 

focusing on accurate phenomena as the fire parameters are monitored and controlled 

more easily. Among the experiments conducted at laboratory scale to investigate the 

burning of vegetative fuels, the following kinds of studies are carried out: 

• Thermal analysis and calorimetric studies [1-5] investigate the thermal 

degradation processes of the plant species. They provide information about the 

kinetics and the heat released from the combustion of these fuels. The heating 

rate is generally less than 10 K.min-1. Thus, the experimental conditions are far 

from actual wildfires. 

• Static combustion experiments are dedicated to the burning of forest fuel. 

Species are placed in cylindrical baskets [6-7]. The mass loss, the flame 

geometry and the temperature distribution are analysed. In these experiments, 

the prevailing parameter is the surface-to-volume ratio, hiding the influence of 

the other parameters. 

• Different sets of fire propagation in pine needle beds [8-14] are carried out by a 

lot of authors. These experiments are mainly focused on the determination of the 

rate of spread under different conditions (wind, slope, fuel characteristics…) and 
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are used to validate numerical models.   

• 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 considered to be solely carbon monoxide burning in air, whatever the 

vegetative species. However, these fuels are complex materials and the mixture 

composition of their degradation gases change with the vegetative species [5].  

To our knowledge, the studies at laboratory scale do not allow clearly understanding the 

coupling between gas and solid phases. Our work is motivated by this statement. It aims 

to improve the knowledge of heat and mass transfer occurring in the burning of 

vegetative fuels. As the geometry of a forest fuel plays an important role in its 

combustion, we choose to decrease the influence of this parameter. Three different 

species (Pinus pinaster, Erica arborea and Cistus monspeliensis) were crushed and 

sieved to obtain samples with same mass and particle size. We studied experimentally 

unsteady, axisymmetric, non-premixed laminar flames resulting from the burning of the 

samples. These flames bring two main advantages. Firstly, they ensure a good 

reproducibility of the experiments. Secondly, time-varying laminar diffusion flame is a 

class of non-premixed combustion [16] bridging the gap between steady laminar 

combustion and turbulent combustion that is encountered in forest fires. On one hand, 

the distribution of temperature along the flame, the flame height and the flame radius as 

well as the mass loss were measured. On the other hand, the thermal properties of the 

solid phase were obtained by using a differential scanning calorimeter (DSC) and a hot 

disk technique. The gases released by the degradation of the fuels were determined with 

a tube furnace connected to a gas chromatograph and to a hygrometer. 

The experimental procedures are described in the following section. Next, the global 

observations of the fuel burning are provided. The behaviour of the solid phase is then 
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investigated and the gas phase is characterized. Finally, the coupling between the solid 

phase 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 respectively to the 

tree stratum, to the higher shrub layer and to lower shrub layer. They were collected in 

winter during a period of hydrous stress for vegetation. Before experiments, the plants 

were oven dried at 60°C for 24 hours and then they were crushed and sieved to a 

particle size of 0.6-0.8 mm. The geometry of the fuel sample is also equivalent for the 

three species. The moisture content due to self-rehydration was less than 2 % for all the 

samples before each burning.  

 

2.2 Time-varying, axisymmetric, diffusion flame 

2.2.1 Experimental device 

The experimental device is shown in Fig. 1. The fuel samples 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 included at this location to support the fuel. It was positioned 

on a load cell in order to measure the fuel mass loss as a function of time. To insure a 

fast and homogeneous ignition, a small amount of ethanol (0.7 mL) was spread 

uniformly on the fuel bed and was ignited with a flame torch. An array of 11 

thermocouples was positioned above the fuel bed along the flame axis. The first 
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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 temperature along the flame radius and inside 

the vegetative sample. The spacing between these thermocouples was 5 mm. The 

thermocouples used were mineral-insulated integrally metal-sheathed pre-welded type 

K (chromel-alumel) pairs of wire with an exposed junction. At the exposed junctions, 

the wires were 50 µm in diameter. The load cell was chosen for its short response time 

(0.2 s) compared to the analytical balances which have a response 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 behaviour 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 

An automatic algorithm was developed in order to follow the flame height and the 

flame radius (recorded by camera 1 and 2 in Fig. 1) as a function of time during the 

combustion. Images were first extracted from videos with a sampling rate of 0.5 Hz as 

the flame is laminar, axisymmetric and does not flicker. This frequency allows reducing 

the processing time without losing accuracy. For each image, the flame was segmented 

from the background by using selection criteria based on the RGB (Red, Green and 

Blue) components. The first step of the pixel extraction was the selection of pixels with 

a high magnitude in the red component. In the second step, only the pixels with a 

certain gap between the red and blue components and the red and green components 
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were kept. This avoided the selection of pixels whose colour is due to light effects. 

Binary images resulting from this processing clearly show the segmented flame (Fig. 2). 

Next, the flame height and the radius of the flame basis were computed using the 

cartesian coordinates of the white area in the image plane. For the frontal view, the 

height of the flame corresponded to the height of the white area. In the case of top 

vision, the radius of the flame basis 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 bulkρ  of the samples, a fixed volume was filled with 

fuel and weighted. These measurements 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 σ  of the particles was obtained thanks to a 

granulometric analysis. A sample of each species was treated by image processing using 

a high resolution scanner. 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 thanks to the following relation: 

l
4

L
2
+=σ  (1) 

 

 

2.4 Physical properties of the samples 

2.4.1 Specific heat 
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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 of about 50 mg 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 temperature program 

is based on a stepwise method. Each run consists in successive temperature increments 

of 20°C performed at 5°C.min-1. 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 before its thermal degradation. In the “three-step” 

method, mean specific heat in the range of temperature [ ]1, +kk TT  was calculated with 

the following relationship:  

∫∫

∫∫
++

++

−

−

=→ + 1k

k

1k

k

1k

k

1k

k

reference,meansample,mean T

T
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T

T
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T

T
empty

T

T
sample

sample

reference
p1kkp

dT.HFdT.HF

dT.HFdT.HF
.

m
m
.C)TT(C  (2) 

where HF stands for the heat flow, m is the mass of the sample, Cp represents the 

specific heat and k is a time increment.  

 

2.4.2 Thermal conductivity 

Thermal conductivity measurements were conducted using the hot disk technique [17], 

which is a transient plane source method. The hot disk technique can be used to 

measure thermal conductivity in the range of 0.005 W.m-1.K-1 to 500 W.m-1.K-1. The hot 

disk sensor is made of a double spiral of nickel wire. During the experiments, the hot 
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disk sensor was placed in the fuel bed. A small constant current was supplied to the 

sensor used as a temperature monitor. The temperature increase in the sensor 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 obtain accurate information on the thermal conductivity of the fuel sample. The 

thermal conductivity measurements were performed for the three species and for two 

temperatures: 100 and 200°C. The standard error 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 (Vethanol) was added 

in the tube. The absolute ethanol ensures the total immersion of the fuel sample in the 

fluid.  Finally, we noted the total volume (Vtotal). The density of the sample is given by: 

ethanoltotal

sample
sample VV

m
−

=ρ  (3) 

The fuel packing ratio corresponds to the ratio between the bulk density and the density 

of the fuels. It is given by the relation:  

sample

bulk

ρ

ρ
=α  (4) 

 
 
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 fixed on the inner surface of the furnace 
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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 the most important degradation of the sample 

occurs between 250 and 425°C [18]. We chose to study the degradation gases for this 

range of temperature. 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 combustion chamber 

filled with 4 g of sample was kept outside of the furnace until the temperature of the 

furnace has reached the required value. At the same time, air suction was switched on, 

the gas sampler 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 injection 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 reactor 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 Detector) 

or to the hygrometer (EdgeTech Model 2001 Series DewPrime) 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 run. 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 factors that govern the fuel 

burning. To proceed, we compare the flames resulting from the burning of the three 
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vegetative species (Pinus pinaster, Erica arborea and Cistus monspeliensis). First of all, 

we describe the global behaviour of the three flames. Next, the physical and geometrical 

properties of the solid phase are depicted as well as the temperature in the sample and 

its mass loss. Then, the composition of the degradation gases and the temperature 

distribution in the flame are presented. Finally, we underline the coupling between the 

solid phase and the flame 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 the all vegetative species, 

including three different stages:  ignition, laminar flame and extinction. The first stage 

corresponded to a flickering flame due to the presence of ethanol to ignite the sample. It 

lasted around 60 s. During the second stage, the ethanol was completely burned and the 

fuel was only composed of the degradation gases. The flame became laminar. It was 

absolutely axisymmetric and was slightly conical with a narrow tip (Fig. 2). The flame 

height and radius decreased slowly. The last stage concerned the extinction of the flame. 

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). Contrary to the 

other samples, the remaining solid phase of Erica arborea was covered by tar. For the 

whole species, a small and negligible amount of ashes was observed at the surface too. 

The combustion time depended on the species. It lasted on average 100 s, 155 s and 

170 s for Cistus monspeliensis, Pinus pinaster and Erica arborea respectively. 

 

3.2 Description of the solid phase 

3.2.1 Ultimate analysis 
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The ultimate analysis of each species is presented in Table 1. The composition in C, H, 

and O of the samples is close. The main differences concern the ash contents. It is nine 

times greater for Cistus monspeliensis than for Pinus pinaster. The inorganic part 

affects the plant combustion. Some mineral matter, present in the fuel, strongly 

catalyses the decomposition of cellulose components [19]. High ash contents decrease 

the volatilisation rate, increase the residue and induce a lower temperature of active 

pyrolysis [1]. 

 

3.2.2 Density  

The densities of the sample are 927, 831 and 904 kg.m-3 respectively for Pinus pinaster, 

Erica arborea and Cistus monspeliensis. These values are higher than the uncrushed 

plants’ ones [6] as the crushing breaks the lamina and gaps appear in the spongy 

mesophyll. 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-1 

respectively for Pinus pinaster, Erica arborea and Cistus monspeliensis.  The surface-

to-volume ratio of Cistus monspeliensis is higher than the two other’s ones. In literature 

[20], the surface-to-volume ratios of the uncrushed plants are very different as they are 

around 4260 m-1 for Pinus pinaster, 8200 m-1 for Erica arborea and 3250 m-1 for Cistus 

monspeliensis. The crushing and the sieving allow obtaining samples with a comparable 

surface-to-volume ratio. The influence of this factor was thus minimized allowing us 

studying the impact of the other parameters.  
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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 J.kg-1.K-1 respectively for Pinus pinaster, Erica arborea and Cistus monspeliensis. 

Some little fluctuations were observed during the measurements. They were due to two 

endothermic reactions: 

• The vaporization of the water due to the self-rehydration of the fuel that 

occurs around 100°C.  

• The release of volatile organic compounds like terpenic molecules [21], 

which are released below the pyrolysis temperature [22].  

However, 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 deviation is less than 5 %. The specific heat of the three species is roughly the 

same. The specific heats of Erica arborea and Cistus 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 [23]: 

T867.31.103C
drywoodp +=  (5) 

Thus, the specific heat of dry wood is 1545 and 1932 J.kg-1.K-1 respectively at 100 and 

200°C. These value are close from our results. 
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3.2.4.2 Bulk density 

The bulk densities of the crushed samples are 365, 376 and 298 kg.m-3 respectively for 

Pinus pinaster, Erica arborea and Cistus monspeliensis. The mean standard 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 conductivities are low (less than 0.2 

W.m-1.K-1) 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 

range of temperature, the thermal conductivities change little. Like for the specific heat, 

these 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 [24]. 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 in Suleiman et al. too [25]. 
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3.2.4.4 Thermal Diffusivity 

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

pbulk C.
a

ρ

λ
=  (6) 

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 Erica arborea and by Pinus pinaster. Thus, between 100 and 200°C, the 

temperature change in the sample of Cistus monspeliensis will appear quickly than for 

the other species. For the vegetal char, the thermal diffusivity can be assumed to be the 

same as that of graphite. The chars of the three plants have also the same thermal 

diffusivity. At 400°C, for graphite char, the specific heat is 1513 J.kg-1.K-1, the thermal 

conductivity is 0.620 W.m-1.K-1 and the bulk density is 120 kg.m-3 [26]. The thermal 

diffusivity is also equal to 8.3 10-3 m2.s-1. The raise of temperature of char is also 

quicker than the unburned sample’s one. 

 

3.2.5 Sample temperature 

The sample temperature was determined thanks to the horizontal array of thermocouples 

placed on the vegetative sample (Fig. 2). For the three fuels, the surface temperature 

follows the same trend. We only present the mean surface temperature of Pinus pinaster 

(Fig. 5) from five experiments. Around 10 s, the temperature is maximal at 1.5 cm from 

the centre. It coincides with the reaction zone of the flame. At this moment, the 

remaining part of the surface is heated by radiation leading to a linear temperature 

increase. After 20 s, the reaction zone of the flame moves to the centre and the 

temperature decrease at 1.5 cm. At 80 s, the reaction zone of the flame arrives at 1 cm 

from the centre. The same trend appears: the temperature reaches a maximum and then 
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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 according to the fuel. Figures 

6.a. to c. present the mean temperature along the depth of the sample at 5 mm from the 

centre for the three species. We can observe a propagation of the heat wave in the 

sample. The particles are heated by conduction from the surface to the bottom. Below 

200°C, the sample does not degrade. Thus, for the whole species, near the support, the 

sample temperature is not sufficient so that the sample degrades. This observation 

explains the presence of the unburned fuel at this place (Fig. 4). For Pinus pinaster, 

only the particles located on the first millimetre under the surface have a sufficient 

temperature to degrade. For Erica arborea and for Cistus monspeliensis, 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 behaviour is in agreement with 

the thermal diffusivities of the samples (Table 3) as the thermal diffusivity 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 polynomials (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 between 10 and 18 % of the combustible part of the 

samples (sample mass minus ash proportion).  
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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 dynamics 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 radiative 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 vegetative fuels to observe the impact of 

the other physical properties on their combustion. The difference of surface-to-volume 

ratio between Erica arborea and Pinus pinaster is less substantial. Although this 

parameter could influence the solid behaviour, the difference of mass loss occurring 

during the ignition stage may be due to the ash content. For Erica arborea, it is four 

times higher than Pinus pinaster’s one. As seen previously [1], the pyrolysis of Erica 

arborea begins also at lower temperature than Pinus pinaster’s one. It entails a more 

significant mass loss of Erica arborea during the ignition stage.  

During the laminar phase, others factors control the mass loss of the samples. 

Figure 7.b. presents the mean mass loss rate for the three fuels during this stage, 

approximated by 3rd order polynomials. The mass loss rates of Cistus monspeliensis are 

lower than the two other ones as this sample finishes its burning. Although that 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 its mass loss 
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The mass loss is piloted by the surface-to-volume ratio. However, for a same surface-to-

volume ratio, the mass loss is linked to the ash content, to the sample temperature and to 

the production of tar.  

 

3.3 Description of the gas phase 

3.3.1 Degradation gases 

Table 4 shows the degradation gases analysed for the three fuels. Degradation gases 

mainly consist of CO2, CO, CH4, O2, H2O, C4H6 and lower amounts of C2 and C4 

hydrocarbons. These results are in agreement with the literature [15]. Hemicellulose 

degrades between 200 and 300°C [27] and contributes weakly to the composition of 

degradation gases occurring during the range of temperature studied here (280 to 

425°C). Cellulose is mainly responsible for the production of flammable volatile gases 

[28]. Between 300 and 350°C, the formation of tar vapour from cellulose becomes 

predominant due to the decrease of its degree of polymerization. A deposit of tar on the 

reactor outside the furnace confirms this result. The degradation of lignin occurs 

between 225 and 450°C. Although it produces some volatile gases, lignin is mainly 

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, we only present 

the mean radial temperatures at 1 cm high for Erica arborea (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 correspond to the crossing of the thermocouples 

by the reaction zone. As the flame height and radius decrease, these maxima move to 



 19 

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 distribution obtained on Fig 8.b. is characteristic to 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, 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 

regression recording successively the temperature of the reaction zone and that of the 

thermal plume. The temperature decreases progressively 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.  

 

3.4 Coupling between the solid phase and the flame 

The coupling between the solid phase and the flame can be particularly highlighted by 

two variables: the flame geometry and the temperature distribution.  
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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 versus mass flow rate. The flame 

radius 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 the other’s one. Figure 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 monspeliensis, the slope 

of the curve changes for heights lower than 0.5 cm. This part of the graph corresponds 

to the flame extinction. Contrary to the two other species, the flame extinction of Cistus 

monspeliensis is gradual. According to Fig. 11, the flame height and the mass flow rate 

of the degradation gases are also proportional. This observation was made by Jost [32] 

too. The highest coefficient of proportionality is obtained for Pinus pinaster followed 

by Erica arborea and Cistus monspeliensis. Around 3 10-6 kg.s-1, the flames of Pinus 

pinaster and Erica arborea have the same mass flow rate and the same flame radius 

(Figure 10), but have different flame height. Thus, the flame height is proportional to 

the mass flow rate but also depends on the degradation gas composition as explained in 

the following. 

 
3.4.2 Temperature distribution 

Figure 12 presents the mean temperature at 1 cm high versus 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 laminar stage). 
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The curves of Erica arborea and Pinus pinaster are close whereas Cistus 

monspeliensis’s one differs. In these graphs, we can distinguish three regions: 

• For the highest mass flow rates (until 2, 1.5 and 0.5 10-6 kg.s-1 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 thermocouple 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.  

• For a mass flow rate of 2, 1.5 and 0.5 10-6 kg.s-1 respectively for Pinus pinaster, 

Erica arborea and Cistus monspeliensis, 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 to the following relation: 

sa f.hh Δ=Δ  (7) 

where hΔ  is the reaction enthalpy of degradation gases (7.95, 5.53 and 7.68 

MJ .kg-1 respectively for Pinus pinaster, Erica arborea and Cistus 

monspeliensis) and where sf  corresponds to the stoechiometric coefficient in air 

(0.43, 0.61 and 0.44 respectively for Pinus pinaster, Erica arborea and Cistus 

monspeliensis). The heating value per mass of air calculated for each gas 

composition is 3.43, 3.40 and 3.40 MJ.kgair
-1 respectively for Pinus pinaster, 

Erica arborea and Cistus monspeliensis. Although the reaction 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 
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combustion. These values explain the weak differences of maximal temperature 

in flames. 

• After the last range of mass flow rate, the temperature decreases as the 

thermocouple is up to the reaction zone, at the beginning of the thermal plume. 

 

Figure 13 presents the mean axial temperature versus the vertical position for Pinus 

pinaster and Erica arborea for a mass flow rate equal to 3 10-6 kg.s-1. We remind that at 

this mass flow rate, the two species have the same flame radius (Figure 10). The two 

curves have the same maximal temperature. However, the temperature profiles are 

different. The combustion of Pinus pinaster appears closer to the surface sample than 

Erica arborea’s one. The combustion kinetics is also different and depends on the 

composition of degradation gases. In the thermal plume, the temperature decrease is 

identical for the two species. The temperatures 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 thermocouples 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 

In this study, we characterised the physical properties and the degradation gases of 

crushed vegetative fuels. Their burning was investigated pointing out the coupling 

between the flame and the solid phase. The main contributions of this work can be 

summarized as follows:  

In the solid phase, the mass loss depends on: 
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• The surface-to-volume ratio. We decreased its influence by using crushed 

samples but it showed to have a strong effect, even with small variations. 

• The temperature of the whole sample, which releases on the thermal diffusivity. 

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

In the gas phase: 

• Six main gases were identified during the thermal degradation of fuels: CO, 

CH4, CO2, O2, H2O and C4H6. 

• The maximal temperature in the flames is roughly the same for the three species 

as the heating values per mass of air are close. 

• The temperature profiles vary among species in the flame where the combustion 

kinetics changes following the composition 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 phases: 

• The flame height is proportional to the mass flow rate  

• There is a non-negligible contribution of the degradation gases.  

These results provide fundamental data that can be included in physical models of 

wildland fires. The flame height, the maximal temperature and the heating values per 

mass of air can be used in global approaches to depict flames. In multiphase models, the 

gas and the solid phase are described in details to represent the whole physical 

mechanisms. This study brings useful experimental data for such models concerning the 

fuel properties, the mass burning rate and the composition of the pyrolysis products. 

To go further into the characterization of the coupling between gas and solid phases in 

forest fires, other studies are necessary about both the kinetics of fuel degradation and 

the flame description in particular in turbulent condition.  
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Fig. 1. Sketch of the experimental apparatus – a) Global view – b) Side view. 
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Fig. 2. Image processing – a) Image extracted from the movie – b) Binary image. 
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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 combustion boat, 7 air suction, 8a-c 

valves, 9 gas samplers). 
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Fig. 4. The remaining solid phase after extinction for Pinus pinaster – a) cut-away view 

– b) top view. 

1 cm 
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Fig. 5. Temperature of Pinus pinaster on the surface sample. 
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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. 
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Fig. 7. – a) Mean mass loss for the three fuels – b) Mean mass loss rate for the three 

fuels.
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Fig. 8. Mean radial temperatures at 1 cm high for Erica arborea – a) versus time.– b) 

versus the radial temperature for different times. 

a 

b 



 37 

 

 

Fig. 9. Mean temperatures along the flame axis for Erica arborea. 
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Fig. 10. Visible flame radius versus mass flow rate of degradation gases.
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Fig. 11. Visible flame height versus mass flow rate of degradation gases.  
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 Fig. 12. Mean temperature along the flame axis and at 1 cm versus the mass flow rate 

of the degradation gases. 
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Fig. 13. Mean temperature along the flame axis versus the vertical position for Pinus 

pinaster and Erica arborea and for a mass flow rate equal to 3 10-6 kg.s-1. 
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Table 1. Ultimate analysis of three fuels (Wt. %). 

 

Elements 

Fuel 
C H O 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 
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 Table 2. Thermal conductivities for the three samples.  

Thermal conductivity (W.m-1.K-1) 

         Temperature (°C) 

Species 
100 200 

Pinus pinaster 0.112 0.119 

Erica arborea 0.115 0.119 

Cistus monspeliensis 0.107 0.115 
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 Table 3. Thermal diffusivities for the samples.  

 

Thermal diffusivity (m2.s-1) 

         Temperature (°C) 

Species 
100 200 

Pinus pinaster 1.52 10-7 1.62 10-7 

Erica arborea 1.65 10-7 1.71 10-7 

Cistus monspeliensis 1.96 10-7 2.1 10-7 
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Table 4. Mass fractions of the main pyrolysis gases released by the degradation of the 

three samples.  

 

            Fuel 

Gas 
Pinus pinaster Erica arborea Cistus monspeliensis 

O2  0.028 0.013 0.034 

CO  0.187 0.139 0.122 

CO2  0.566 0.713 0.567 

CH4  0.033 0.020 0.033 

C2H4  0.007 0.004 0.007 

C2H6  0.012 0.006 0.009 

C3H6  0.001 0.001 0.004 

C3H8  0.008 0.005 0.010 

C4H6  0.048 0.039 0.049 

C4H8  0.016 0.009 0.018 

C4H10  0.004 0.003 0.008 

H2  0.000 0.000 0.000 

H2O  0.089 0.047 0.138 

 


