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A B S T R A C T   

Flaming ignition properties of dead and live thin wildland porous fuels submitted to different incident heat flux 
intensities are examined experimentally using a cone calorimeter. Data are compared to analytical and numerical 
results of a model that uses an energy balance and includes energy and temperature ignition criteria. The model 
provides the linear trend of ignition time for large heat flux intensities, but fails to reproduce the behavior of data 
near threshold ignition, because it does not include explicitly volatiles emission at pyrolysis. A new method is 
proposed for the estimation of the critical heat flux for ignition of porous fuels, based on the ignition time 
behavior as a power-law that characterizes phase transitions theory. The critical heat flux for ignition thus 
estimated has been found small compared to literature data. The discrepancy is due to the probabilistic ignition 
behavior observed in the critical region and ignored by literature that uses deterministic methods for the esti-
mation of the critical heat flux for ignition. The heterogeneities of fuel particles composition and arrangement 
could be the major causes of such a probabilistic aspect.   

1. Introduction 

A substance exposed to a heat flux that raises its temperature emits 
flammable gases that may lead to its ignition. There are flaming or 
smoldering ignition types that are functions of both gas and solid phase 
chemistry [1]. While spontaneous ignition is rare and requires high flux 
intensities to occur [2], piloted ignition is prevalent in wildland fires and 
requires the aid of ignition sources (e.g. flame, firebrand or spark). 
Sustained flaming ignition (fire point) is the onset of near-stoichiometric 
burning with a diffusion flame [3,4]. Ignition time is one of the pa-
rameters characterizing the fuels flammability. In thermal ignition 
theory, ignition time can be expressed analytically for both thin and 
thick fuels [3]. In the limit of large incident heat flux intensities ignition 
time behaves inversely with the flux for thin fuels, while for thick fuels it 
behaves inversely with the square of the flux. As stated by Drysdale [5], 
the flame is a gas phase phenomenon, where emitted volatiles can be 
either in the flame state if ignition occurs (finite ignition time) or remain 
in their gaseous state if ignition does not (infinite ignition time). 

Phase transitions are among the most recurrent phenomena in na-

ture. They are understood in thermodynamics as the abrupt or contin-
uous transformation of a system from one phase or state of matter to 
another. They can be observed in various fields like conductor/insulator 
or percolation [6], liquid/gas [7] and paramagnetic/ferromagnetic 
transitions [8,9]. For all these phenomena, any physical quantity A 
either diverges or vanishes according to a universal power-law formula 
when the control parameter X tends to its threshold (critical) value Xc [8, 
10]: 

A ∼ (X − Xc)
±γ (1) 

Nomenclature  
ci=f,w

p  specific heat (J/kg.K) eff effective 

DSC Differential Scanning 
Calorimetry 

ign ignition/ignited tests 

e thickness (m) inc incident 
Eign  critical ignition energy 

(kJ/m2) 
lost lost 

Eu Eucalyptus max maximum 
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(continued ) 

hc convection coefficient (W/ 
m2.K) 

mix mixture 

hw fuel moisture content pyr pyrolysis 
Lw water latent heat at 373 K 

(J/kg) 
test tests 

mi=dry,w mass (kg) w water 
Ni=ign,test number of 0 ambient 
p asymptotic probability  Superscripts 
Ph Pinus halepensis f fuel 
Pign ignition probability w water 
q˝i=c, eff, inc, 

lost  

heat flux (kW/m2) Greek 

Q˝c  evaporation critical flux 
(kW/m2) 

Δ  standard deviation 

S base area of sample holder 
(m2) 

δq˝ width of the critical region 
(kW/m2) 

ti=chem,ign, mix, 

pyr  

time (s) εfb  fuel bed emissivity 

Ti=0,max,pyr  temperature (K) γ  critical exponent 
TGA Thermal Gravimetry 

Analysis 
ρ  density (kg/m3) 

Subscripts σ  Stefan-Boltzmann constant 
(W/m2.K4) 

c critical τ  relaxation time of dry fuel (s) 
chem chemical reaction 

(combustion) 
τ′ relaxation time of moist fuel 

(s) 
dry dry φ  packing ratio  

Phase transitions characterized by the same critical exponent γ are 
said to belong to the same class of universality, and are expected to 
behave similarly even for different phenomena [8,10]. 
Ignition/non-ignition phase transition is here referred to the different 
states of the gas phase: flame (ignitable) or gas (non-ignitable). The 
physical quantities involved in this transition are thus expected to follow 
the universal power-law behavior in (1) predicted by the theory of phase 
transitions. If the physical quantity A is ignition time, and the incident 
flux q”inc is the control parameter X with a threshold value q”c, the 
power-law equation (1) becomes: 

tign∝(q˝inc − q˝c)
− γ (2) 

The power-law formula (2) has been indirectly used for the estima-
tion of the critical heat flux for ignition of thin fuels using cone calo-
rimeter tests [11,12]. The linear trend of the inverse ignition time 
observed for large heat flux intensities was extrapolated to low flux in-
tensities, which assumes a power-law behavior like in (2) with an 
exponent γ = 1. On the other hand, Babrauskas compared a large 
number of data sets on the piloted ignition of wood specimens (thick 
fuels) in various orientations and heating conditions [13]. He found a 
power-law behavior equation (2) with an exponent γ = 1.828. The 
power-law behavior in (2) is thus expected to occur at low incident heat 
flux intensities both for thin and thick fuels. The theory of phase 

transitions predicts also an enhancement of disorder in the critical re-
gion [6,8,10] that leads to failed tests [14], and suggests a probabilistic 
process. Hence, the estimation of the critical heat flux for ignition using 
the deterministic methods (ASTM 1354 standard) [15] is questionable. 
Disorder effect is also present for large heat flux intensities and induces 
fluctuations of ignition time (see for example the top Fig. 1 of [16]). 

The critical heat flux for ignition is an important property that allows 
wildland managers and firefighters control the fire spread by managing 
the wildland fuel properties, or using retardants so that the front heat 
flux intensities remain close to their threshold values. This flammability 
condition was also subject of scientific interest for several decades (see 
Refs. [11,12,17–20]). The threshold heat flux value q”c depends on the 
heat transfer, weather conditions and fuel properties (nature, ignition 
temperature, porosity, compactness and moisture content) [21–23]. 
According to Rothermel, wildland fires with dead fuels will not spread 
above some threshold value of fuel moisture content [24] (typically 
assumed to be between 10% and 40%). Recently, no critical moisture 
content for ignition was observed [25]. 

The present work focuses on ignition/non-ignition phase transition 
of live and dead Mediterranean porous fuels by studying the ignition 
time variation with the incident heat flux. Experimental data from a 
cone calorimeter are compared to model results based on energy con-
servation for thermally thin fuels. Although more sophisticated ignition 
models can be adopted [26], this model was chosen because it has been 
used to validate several historical and experimental wildland fire spread 
[27,28]. Using the power-law formula (2), the threshold value of inci-
dent heat flux is estimated from experimental data. The probabilistic 
aspect of ignition is also experimentally investigated in the critical 
region. 

2. Experimental setup 

Vegetation samples (needles or leaves) of 10 g mass are placed in a 
cylindrical holder of a mesh shape of 10 cm diameter and 5 cm height 
with sample thicknesses in the range 0.9 − 1.1 cm. The corresponding 
fuel load is 1.27 kg/m2. For the probabilistic study of ignition, samples 
of Ph needles of mass 15 g (with thicknesses lying in the range 1.2 −

1.5 cm) are used for comparison with those of mass 10 g. An example of 
vegetation sample is presented in Fig. 1a. Particles are assumed to be 
thermally thin with leaves thickness or needles diameter of less than 
1 mm. 

The sample is exposed to a constant radiative heat flux provided by 
the heat source of a cone calorimeter with an electrical resistance of 
3000 W nominal power. It is placed at different distances from the heat 
source, so that it receives radiation heat flux magnitudes ranging from 9 
to 25 kW/m2 at its center (see Fig. 1b). The incident heat flux at top 
surface center position of the sample is calibrated using a water-cooled 
heat flux sensor of type Hukseflux SBG 01 working in the range 0 −

200 kW/m2. The homogeneity of the incident heat flux in the sample is 

Fig. 1. a) a picture of straw in the holder as an example of fuel sample. b) A schematic representation of the calibration flux and the experimental setup.  
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not affected by varying the distance to the cone. Using the above 
mentioned heat flux sensor, it is found that the ratio of the flux intensity 
at center to the average one is 1.006 at a distance of 2.5 cm from the 
bottom of the cone, and is 1.04 at a distance of 15 cm. This ratio is 
smaller than 1.06, which meets the uniformity requirement ISO 5660–1 
[29]. The ignition process is controlled by a pilot flame located 1 cm 
above the sample top surface according to ASTM 1354 standards [15], 
and the ignition time is recorded. The fuel moisture content is here 
defined on dry basis: 

hw =
mw

mdry
(3) 

It was determined by oven drying both in a microwave and desic-
cator. Three different species of vegetation were used: Ph needles (fresh 
live fuel) harvested and ignited in January 2018, straw needles (dead 
fuel dried naturally) ignited in July 2018, and Eu leaves (fresh live fuel) 
harvested and ignited in August 2018. In order to neglect chemical 
composition changes and to guarantee the live character of Ph and Eu 
samples, vegetation particles are harvested and ignited within the same 
day. The ignition test is accounted successful if the flame persistence 
time is greater than 4 s. We consider that ignition did not occur if the 
smoldering combustion is observed with a complete oxidation of the fuel 
in its solid phase [30]. The time of exposition to the heat flux varies from 
a test to another, with a maximum time of 75 min. 

Due to the heterogeneity of the sample structure, five (5) ignition 
tests were realized for each value of the incident heat flux for repeat-
ability. In the region of low heat flux intensities (close to the threshold 
value) some ignition tests failed and more tests were required as to fulfill 
the five successful ignitions condition. In order to investigate the prob-
abilistic aspect of ignition, 50 tests were performed for each heat flux 
condition. The tests were conducted in a draft-free room with temper-
atures and relative humidity respectively in the ranges of 13-19◦C, and 
50 − 60% for Ph needles and 20-30◦C and 45 − 55% for straw and Eu 
leaves. 

3. Model description 

As mentioned above, the present model is based on the energy 
conservation. It has been used to describe ignition process [3,28], and 
has been also included in the Small World Network model of fire spread 
that validated historical and experimental fires [27]. This model is 
applied here to the cone calorimeter experimental setup (Fig. 1b), where 
a porous sample composed of thin particles (Fig. 1a) is submitted to a 
constant heat flux q˝inc provided by the cone heater. Piloted ignition 
occurs if the surface temperature of the sample reaches the pyrolysis 
temperature (Tpyr). Here the gradient temperature of the sample parti-
cles (considered as thin) is neglected, and in-depth temperature can be 
represented by surface temperature. Ignition time is usually expressed as 
the sum of times of different processes assumed to not occur simulta-
neously [3]: 

tign = tpyr + tmix + tchem (4) 

Usually the time for fuel/oxygen mixture to reach pilot, and that for 
the mixture to proceed to combustion are sufficiently small to be 
neglected compared to tpyr. Three ignition criteria are known for con-
stant irradiation flux: the critical temperature, the critical energy and 
the critical mass loss rate [31]. As pyrolysis temperature is the condition 
of ignition, only the critical temperature (Tpyr) is considered in this 
model. The effective heat flux q˝eff absorbed by the fuel sample is: 

q˝eff = q˝inc − q˝lost (5) 

Neglecting the conductive heat transfer in thermally thin approxi-
mation, the heat flux lost from the sample is composed of a radiative and 
a convective part: 

q"
lost = hc(T − T0) + σ εfb

(
T4 − T4

0

)
(6) 

The energy accumulated by a thin solid sample during its ignition 
delay is assumed to allow surface temperature reach pyrolysis temper-
ature Tpyr in three steps: i) the temperature raise of moist sample up to 
boiling (373 K), ii) the evaporation of water from moist sample at 
boiling temperature, iii) the temperature raise of dried sample up to Tpyr. 
Neglecting the heat of water desorption, the energy conservation for a 
solid fuel in the thermally thin approximation is: 

∫ tign

0
q"

eff S dt =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

∫ 373 K

T0

(
mdrycf

p + mwcw
p

)
dT

∫ 0

mw

LvdM+

∫ Tpyr

373 K
mdrycf

pdT

(7) 

As the fuel considered here is porous (see Fig. 1a), the effective 
surface exposed to the heat flux in the holder is different from that of the 
solid fuel. For a fuel sample with moisture content hw its mass is related 
to its density ρ(hw) as: 

m(hw)=φ(hw).ρ(hw).S.e (8) 

The packing ratio φ is the ratio of volume of the solid part (particles) 
to that of the fuel bed for the same mass. This ratio is smaller than one 
for porous fuels and is unity (φ= 1) for solid fuels. If the expressions of 
moisture content hw in (3) and the dry fuel mass in (8) are included in 
(7), the energy conservation for porous fuels becomes: 

∫tign

0

q˝eff dt =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∫373K

T0

φ(0)ρ(0)e
[
cf

p + hwcw
p

]
dT−

∫0

hw

φ(0)ρ(0)eLwdh’w+

∫Tpyr

373 K

φ(0)ρ(0)ecf
pdT

(9) 

Ignition time is thus the sum of the times involved in the three above 
mentioned steps leading to equation (9). To solve equation (9) for T(t)
and h′

w(t), the following boundary conditions are needed: 

T(t = 0) = T0; h′

w(T < 373 K) = hw

T
(
t = tign) = Tpyr; h′

w(T > 373 K) = 0
(10) 

Among the three ignition criteria mentioned above, the critical 
temperature appears to be the unique criterion used in the model rep-
resented by (9). However, the critical energy (second ignition criterion 
[31]) defined as the total absorbed energy per unit area required for 

ignition (Eign =
∫tign

0
q˝eff dt) appears in the left side of (9). If the fuel pa-

rameters are constant, the integration of (9) yields: 

Eign =φ(0)ρ(0)e
[
cf

p

(
Tpyr − T0

)
+ hw

{
cw

p (373 − T0)+Lw

}]
(11) 

Hence the model includes both energy and temperature ignition 
criteria. According to the pyrolysis kinetics assumed by Drysdale (see 
equations 1.1 and 1.2 of [5]), the critical mass loss rate is expected to be 
related to Tpyr that depends on the heat of gasification (see equation (17) 
of [4]). The third ignition criterion appears thus implicitly used in the 
model through the pyrolysis temperature. The critical energy in (11) 
depends on ambient temperature, critical temperature Tpyr, and the 
physical characteristics of water and fuel, but does not depend on heat 
transfer mechanism. It is here independent of ignition time contrary to 
the results of transient irradiations [32], where this energy is square 
correlated to ignition time. Note that in Ref. [32] the lost heat flux is 
neglected assuming a low thermal inertia. However, thermal inertia 
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varies with temperature during pyrolysis due to the increase of heat 
capacity and mass loss. 

The fuel will either ignite or not depending on the intensity of inci-
dent heat flux. For sufficiently large heat flux intensities, ignition occurs 
with a small ignition time. As the intensity of the incident flux decreases, 
ignition time increases. No ignition occurs (infinite ignition time) for 
sufficiently low incident heat flux intensities, because the surface tem-
perature never reaches pyrolysis temperature (Tmax < Tpyr), and conse-
quently, the total absorbed energy never reaches the critical energy Eign 

from (11). There exists a critical incident flux intensity q˝c above which 
ignition occurs. It is defined as the incident flux for which the maximum 
surface temperature reached asymptotically (t→∞) coincides with py-
rolysis temperature (Tmax = Tpyr), or equivalently, the absorbed energy 
coincides with Eign. The critical heat flux for ignition has been shown to 
be one of the conditions of sustained piloted ignition (see equation (20) 
of [4]).This threshold flux is thus the relevant parameter describing the 
ignition phase transition predicted by (2). 

4. Results and discussion 

This section aims to compare ignition time results obtained by the 
current model with experimental data, and to estimate the critical heat 
flux for ignition q˝c according to the power-law formula (2). Further-
more, the ignition probabilistic process occurring near the critical region 
is investigated experimentally. Let us first consider a simple case where 
equation (9) can be solved analytically. This allows examine the trend of 
the ignition time in terms of q˝inc − q˝c near threshold flux. 

4.1. Analytical resolution of the model for a simple case 

Equation (9) can be solved analytically assuming convective losses 
heat flux q˝lost ≅ hc(T − T0). This occurs also for radiative losses flux if 
surface temperature is close to ambient (T − T0)/T0≪1). Let us first 
neglect moisture content in (9) that is reduced to a one step integral 
equation with a continuous surface temperature rise. The corresponding 
differential equation is a relaxation-like equation with a relaxation time 
τ = φ(0) ρ(0) e cf

p/hc: 

q˝inc

hc
− (T(t) − T0)= τ ∂(T(t) − T0)

∂t
(12) 

The solution of equation (12) (see also in Ref. [3] equation 7.27) is: 

T(t) − T0 =
q˝inc

hc

(
1 − e− t/τ) (13) 

In the non-ignition state, the maximum temperature Tmax = T0+

q˝inc/hc ≤ Tpyr is reached asymptotically (t→∞), and corresponds to 
equilibrium q˝inc = q˝lost. As defined in the previous section, the critical 
heat flux for ignition is the incident flux for which the asymptotic con-
dition Tmax = Tpyr is satisfied. For dry fuels we have: 

q˝c = q˝c(hw = 0) = hc
(
Tpyr − T0

)
(14) 

In the ignition state, ignition time is deduced analytically from (13) 
with T(tign) = Tpyr. Using the equation (14), we have: 

tign
/

τ= ln
(

1 −
q˝c

q˝inc

)− 1

∼ ln(q˝inc − q˝c)
− 1 (15) 

In the limit of sufficiently large intensities of the incident heat flux 
(q˝c/q˝inc≪1), the logarithmic behavior in (15) is reduced to the inverse 
linear behavior of ignition time: 

t− 1
ign =

1
τ

q˝inc

q˝c
=

1
τ

q˝inc

hc
(
Tpyr − T0

) (16) 

This linear behavior was deduced previously by Quintiere (see 
equation 7.28 of [3]), and has been observed experimentally for large 
intensities of heat flux [11,12]. By taking hw = 0 in (11), the critical 

energy depends thus on the relaxation time of the heating process and 
the critical heat flux through the relation Eign = τq˝c. 

Let us now include the contribution of water heating and evaporation 
on ignition time of moist fuels. In the first step (moist fuel heating), the 
differential equation involved in (9) remains relaxation-like similarly to 
equation (12) with a relaxation time τ′

= τ(1 + hwcw
p /cf

p). The second 
step is characterized by a critical heat flux for water evaporation Q˝c =

hc(373 − T0). Solving the differential equations involved in (9) for each 
step, yields: 

T(t) − T0 =
q˝inc

hc

(
1 − e− t/τ′ ) for T0 ≤ T < 373K (17a)  

hw(t)=
q˝inc − Q˝c

φ(0) ρ(0) eLw
t for T = 373 K (17b)  

T(t) − T0 =
q˝inc

hc

(
1 − e− t/τ) for 373 K ≤ T < Tpyr (17c) 

The total ignition time is the sum of the times involved in the three 
processes of ignition (see appendix): 

tign
/

τ= − ln

⎛

⎜
⎜
⎝e− hw

Lw hc/cf
p

q˝inc − Q˝c

(

1 −
Q˝c

q˝inc

)1+hw
cw
p

cf
p
−

q˝c − Q˝c

q˝inc

⎞

⎟
⎟
⎠ (18) 

The logarithmic expression in (15) is recovered here for hw = 0. The 
critical heat flux for ignition of moist fuels q˝c(hw) corresponds to the 
incident flux for which the argument of the logarithmic term of (18) 
vanishes. In the limit of large intensities of the incident flux (q˝inc» q˝c), 
and for not very large values of moisture content so that the argument of 
exponential in (18) remains small, equation (18) can be approximated at 
first order as: 

tign

τ ≈

[(

1+ hw
Lw

cf
p
(
Tpyr − T0

)

)

q˝c + hw
cw

p

cf
p

Q˝c

]

q˝− 1
inc (19) 

Hence, the inverse ignition time is still linearly varying with the 
incident heat flux similarly to dry fuels in (16), but with a slope strongly 
decreasing with moisture content. 

However, the model does not include explicitly the contribution of 
flammable volatiles emission at Tpyr. If moisture is neglected (hw = 0) 
for simplicity, and the emission of volatiles at Tpyr is included as in (17b), 
the critical heat flux for their emission Q˝c would coincide with q˝c 
defined by (14). Equation (18) becomes: 

tign

τ =
hvLvhc

cf
p

(
q"

inc − q"
c

)− 1
+

(

1+ hv
cv

p

cf
p

)

ln
(

1 −
q"

c

q"
inc

)− 1

(20) 

Here Lv and cv
p are respectively the latent heat and heat capacity of 

emitted volatiles, and hv is the mass proportion of volatiles in the fuel. 
Equation (20) provides a more complete description of ignition, since it 
includes explicitly the third ignition criterion (the critical mass loss rate 
due to volatiles emission at pyrolysis). It combines both power-law and 
logarithmic behavior of ignition time with respect to q˝inc − q˝c. The 
power-law trend dominates the divergence near threshold flux. In the 
next subsection, the critical heat flux for ignition is estimated by 
assuming the power-law behavior of ignition time for experimental data. 

4.2. Model comparison with experimental data 

Now let us compare model results to experimental data. Porous fuels 
composed of thermally thin particles (as shown in Fig. 1a) are submitted 
to a cone calorimeter providing a constant heat flux (see section 2). The 
lost heat flux is then dominantly radiative (non-linear with tempera-
ture), and thus equation (9) cannot be solved analytically. This equation 
is then solved numerically using the second order Runge-Kutta method 
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for the parameters shown in Table 1, and using εfb = 0.9, Lw = 2.257×
106J/kg and T0 = 298 K. As the trends of temperature are similar for the 
three fuels considered here, only model results for straw are presented to 
avoid clutter. In order to compare model results with experimental data 
for straw, two pyrolysis temperatures are considered (410 K and 500 K) 
in addition to that used by Koo et al. [28] (Tpyr = 561 K). The critical 
temperature for auto-ignition was found to vary from 254 to 530 ◦C for 
wood [33], and from 380 to 511 ◦C for Cistus Monspeliensis depending on 
the particle size [34]. For piloted ignition, the pyrolysis temperature is 
much smaller. 

The temperature evolution, which is a solution of (9), is shown in 
Fig. 2a for different intensities of the heat flux. Surface temperature 
follows a relaxation-like trend similarly to equation (13), with a 
maximum temperature Tmax < Tpyr reached asymptotically in case of 
non-ignition (i.e. for q˝inc < q˝c). Ignition occurs when Tmax > Tpyr as 
shown for q˝inc = 5 kW/m2 in Fig. 2a. Using the above definition of the 
critical heat flux for ignition of dry fuels (i.e. Tmax = Tpyr) yields: 

q˝c = σεfb

(
T4

pyr − T4
0

)
(21) 

As discussed above, the critical energy depends on the critical heat 
flux and the relaxation time (Eign = τq˝c) independently of heat transfer 
mechanism. Here, temperature evolution exhibits an anomalous relax-
ation governed by a relaxation equation similar to equation (12), but 
involving the non-linear term T4 − T4

0 [41,42]. The relaxation time for 
such a radiative heat transfer can be deduced using equations (11) and 
(21). 

Experimental data are compared to model results in Fig. 2b, where 
the inverse of the ignition time is presented as a function of the incident 
heat flux. For intensities of the flux larger than 16 kW/m2, a linear trend 

can be fitted for straw data with a correlation coefficient (R2 ≈ 0.998), 
much better than for Ph and Eu (R2 ≈ 0.96). This trend is predicted 
analytically from (19) and confirmed by model results. Hence, the 
critical heat flux for ignition is expected to be much smaller than 
16 kW/m2. Note here the sharp slope for straw data compared to those of 
Ph and Eu in Fig. 2b. This can be explained by the small moisture content 
of straw samples dried naturally (hw = 0.11) compared to that of the 
other fuels (hw > 1). For not very large moisture content values, the line 
slope decreases when the moisture content increases, similarly to the 
trend of (19). High moisture contents lead also to increase the fluctua-
tions of ignition time (as observed for Ph and Eu data) by either 
strengthening flammable volatiles emission [23] or by preventing igni-
tion because of the presence of water vapor at pilot. The line slope of 
straw data at large heat flux intensities (q˝inc > 16 kW/m2) is 0.0131 ±

0.0004 m2/kJ in Fig. 2b. This value of the slope corresponds to model 
results with a pyrolysis temperature Tpyr = 325 K (not shown). No 
piloted ignition test has been observed experimentally at this surface 
temperature. In addition, the model at Tpyr = 325 K yields ignition time 
values much smaller than those of experimental data. The closest 
reasonable results to experimental data for straw are those using a py-
rolysis temperature of 410 K even if the slope is still small. 

As expected, the curves become non-linear for low heat flux in-
tensities. Furthermore, fluctuations of data on ignition time are observed 
because of the heterogeneous character of fuel bed (not included in the 
model). The critical heat flux corresponds to the intersection of the 
curves with horizontal axis (1/tign = 0) in Fig. 2b. This requires the 
knowledge of q˝c with infinite accuracy. For model results q˝c is given 
by (21) for dry fuels, but only numerical solutions with values at four 
digits of precision are shown in Fig. 2b. This corresponds to |q˝inc −

q˝c| < 0.1 W. Sensor’s uncertainties for experimental measurements 
are of 100 W. 

The extrapolation to horizontal axis is difficult for experimental data 
on ignition time because of their fluctuations and non-linear behavior. 
The present estimation method of the critical heat flux for ignition for 
the current fuels is based on the phase transitions concepts described by 
the universal power-law behavior in (2) near threshold flux [6–9] as 
discussed above. Experimental data and numerical results shown in 
Fig. 2b are now presented in Fig. 3a in logarithmic scale with respect to 
q˝inc − q˝c, where q˝c is an unknown parameter that is varied until the 

Table 1 
The physical parameters of the fuels used in the model and their moisture 
content.  

Material type Density ρ  cf
p at 300 K  hw from (3)  

Water 997.05 [35] 4182 [35] – 
Straw 500 [36] 1700 [37] 0.11 
Ph needles 789 [38] 1827 [38] 1.27 
Eu leaves 1800 [39] 1547 [40] 1.33  

Fig. 2. a) Surface temperature vs. exposition time for various incident flux intensities for straw. b) The inverse ignition time vs. incident heat flux for experimental 
data and model results. 
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best power-law fit (appearing as a line) is reached. The best linear fits of 
data at low heat flux intensities are obtained with correlation co-
efficients R2 > 0.95 (the fitted parameters appear in Fig. 3a). However, 
numerical results clearly show a better linear behavior in Fig. 3b, where 
only the heat flux axis is presented in logarithmic scale, confirming the 
logarithmic behavior predicted by the model in (18). For numerical 
results, the values of the critical heat flux determined at four digits 
precision from Fig. 2b are shown in Fig. 3b. The value at 410 K (q˝

c =

1.0395 kW/m2) is very small compared to that estimated for straw data 
(q˝

c = 6.8 ± 0.8 kW/m2). Hence, the model seems to fail in reproducing 
data and behavior at low values of the flux. As expected above, clearly 
the critical heat flux for ignition for straw data is far from the region of 
linear behavior that begins at 16 kW/m2 in Fig. 2b. 

Now let us compare the values of the critical heat flux and power-law 
exponent estimated from the fit parameters of data in Fig. 3a. The 
critical heat flux for ignition appears much larger for Eu leaves (q˝c =

9.6 ± 0.6 kW/m2) than for straw (q˝c = 6.8 ± 0.8 kW/m2) and Ph nee-
dles (q˝c = 4.0 ± 0.5 kW/m2). This confirms the large fire susceptibility 
index of Ph needles observed in the Mediterranean wildlands [43]. 
Eucalyptus leaves are found here less easily flammable, but this fuel 
contributed significantly to extreme wildfires that occurred in 2017 in 
Portugal (where it is the major fuel) [44]. Indeed, Eu leaves are known to 
produce a large amount of oils, and Eu crown fires spread rapidly [45, 
46]. It is worth noticing that the value of the critical flux for ignition 
estimated from data of Ph needles appears small compared to that given 
by literature (around 8 kW/m2) [38,47]. The values of literature are 
estimated using a deterministic method according to ASTM 1354 stan-
dards [15]. In the concepts of phase transitions on which the present 
critical flux estimation method is based, a maximum disorder is expected 
near threshold flux. Ignition tests may thus fail leading to a probabilistic 
behavior. The other quantity estimated from Fig. 3a is the power-law 
exponent that corresponds to the line slope. The estimated values of 
the exponent appear the same for needles within statistical errors (γ =

1.20 ± 0.06 for Ph, and γ = 1.1 ± 0.3 for straw), but they are smaller for 
Eu leaves (γ = 0.87 ± 0.06). Hence, needles and leaves ignition phase 
transition belongs to different classes of universality as defined above 
[6–9], suggesting different ignition processes. The rate of gas evapora-
tion at ignition depends strongly on the shape, particle arrangement and 

compactness of the fuel [48]. From recent investigations using electron 
scanning microscopy, leaves were found to have much more pores than 
needles [49]. 

Although the model is successful in describing ignition process [3] 
and in validating the spread of previous wildfires [24], there are dis-
crepancies with experimental data particularly for low heat flux in-
tensities. These disagreements may be caused by:  

a) The lack of use of the third ignition criterion (the critical mass loss 
rate) in the model [4,31]. If flammable volatiles emission is included 
in the model (in the second term of equation (9)), ignition time will 
behave as a power-law in the critical region similarly to equation 
(20) as observed for experimental data in Fig. 3a.  

b) The constant value of fuel heat capacity cf
p used in the model (see 

Table 1). This quantity depends on temperature during pyrolysis 
process.  

c) The absence of convection induced by the heat source (e.g. the 
flames) particularly for fire spread modeling. Such an effect en-
hances the incident flux, and may explain unexpected wildfire be-
haviors like junction fires [50,51].  

d) The homogeneity of wildland fuels considered in the model, leading 
to a deterministic ignition process that corresponds to an average 
ignition time. Hence, the observed fluctuations of ignition time and 
the failed ignition tests at low intensities of the flux (probabilistic 
behavior) are not reproduced by the model. 

In order to reproduce the ignition time data it is necessary to include 
the behavior of the above mentioned parameters in the model. However, 
it is difficult to know for example the temperature dependence of heat 
capacity and the rate of volatiles emission in the conditions of experi-
mental setup. Concerning heat capacity, its temperature dependence can 
be measured in laboratory by means of DSC/TGA. A linear temperature 
dependence of heat capacity was proposed to simulate the ignition 
process [4]. However, the sharp temperature rise in the conditions of the 
cone calorimeter may strongly influence its behavior, and non-linear 
trends might appear for higher temperature rises [52]. Regarding the 
rate of volatiles emission, its temperature dependence is known only 
qualitatively especially at high temperatures, where a maximum 

Fig. 3. The ignition time vs. q˝inc − q˝c for: a) model results (curves) and experimental data (symbols) in logarithmic scale, b) model results in semi-logarithmic scale.  
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emission rate was observed around 175 ◦C [53]. Before ignition, the 
mass loss rate is expected to behave with temperature according to an 
Arrhenius law [5] that could be influenced by the distribution of pores in 
fuel particles [49]. Finally concerning the last discrepancy point, ac-
counting for the fuel heterogeneity in the model requires the knowledge 
of fuel distribution in the sample (distribution of packing ratio), and 
even that of microscopic components in fuel particles. Since the fuel 
heterogeneity is not included in the model, the probabilistic analysis of 
ignition is investigated only experimentally in the next subsection for Ph 
fuels. 

4.3. Probabilistic effects of the ignition phase transition 

As discussed above (see discrepancy d), not all ignition tests may 
succeed near threshold heat flux. Therefore, additional tests were 
required to fulfill the five successful ones in Fig. 3a. Similar situations 
where ignition may succeed or not have been also observed for fuel bed 
ignition by hot particles that simulate spotting processes near diameter/ 
temperature critical line [54]. The probabilistic ignition behavior 
appearing in the critical region is most probably caused by the 
complexity of wildland fuels (e.g. moisture content and random 
arrangement and compactness of vegetation particles in the sample [24, 
48]). According to Rothermel [24], there is an optimal packing ratio 
allowing maximum fire intensity and reaction velocity. It separates 
oxygen-limited combustion for sufficiently large ratios and fuel-limited 
combustion for sufficiently small ratios [55]. The packing ratio φ 
defined by (8) is in fact an average quantity that can be deduced from a 
distribution of local compactness (throughout the sample). This induces 
the stochastic behavior of ignition process for porous fuels. The rate of 
gas emission was found to increase as the incident heat flux increases for 
solid fuels [56], and is expected to increase also for porous fuels. Ac-
cording to the work of Vermisi et al. [57], the dual threshold condition 
(critical mass loss rate and critical temperature) must be fulfilled for 
ignition. For sufficiently large incident heat flux intensities, the distri-
bution of compactness or porosity (for a given packing ratio) leads to 
fluctuations of ignition time, but both ignition criteria (the critical mass 
loss rate for sustained ignition [4] and the critical temperature) are al-
ways reached. Ignition time is thus the minimum time to reach the dual 
threshold condition. In contrast, in the critical region both the mass loss 
rate and temperature fluctuate around their critical values. In this case 
configurations where at least one of the two threshold conditions is not 
fulfilled appear, leading to failing tests. 

Let us now examine the probabilistic behavior of ignition tests. 
Ignition probability is defined for each incident heat flux as the ratio of 
the number of successfully ignited tests to the total number of tests 
(Pign = Nign/Ntest). This probability is equal to unity for sufficiently large 
intensities of the flux (Pign(q˝inc ≫q˝c) = 1), and vanishes for intensities 
smaller than the threshold flux (Pign(q˝inc < q˝c) = 0). The critical region 
for ignition is thus defined as the interval of incident heat flux intensities 
δq˝ where ignition probability Pign lies in the range 0 < Pign < 1. The 
accuracy of the estimated ignition probability depends on the number of 
tests (Ntest). For a small number of tests (few tests), the ignition proba-
bility distribution is a binomial law (either succeeded or failed ignition). 
It is expected to become Gaussian [58] and obeys the central limit 
theorem [59] in the limit Ntest→∞. Let p be the limit value of ignition 
probability for a given intensity of the flux (Pign = p for Ntest = ∞). 
According to the law of large numbers [58,59], the average number of 
successfully ignited tests and its variance are respectively Nign = pNtest , 
and ΔN2

ign = pNtest(1 − p). Hence, relative fluctuations of the number of 
ignited tests asymptotically decrease inversely with the square root of 
the number of tests as: 

ΔNign

Nign
=

1
̅̅̅̅̅̅̅̅
Ntest

√

̅̅̅̅̅̅̅̅̅̅̅
1 − p

p

√

(22) 

Hence, in the limit Ntest→∞ the statistical fluctuations of the number 
of ignited tests vanish. Using (22), the standard deviation of ignition 
probability for large but finite number of tests is: 

ΔPign =
ΔNign

Ntest
=

Nign

Ntest

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − Nign

/
Ntest

Nign

√

= Pign

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

Nign
−

1
Ntest

√

(23) 

In Fig. 4, ignition probability is presented as a function of the inci-
dent heat flux for Ph samples with two values of the mass: 10 g and 15 g 
(or using equation (8): φ = 0.16 and 0.20 respectively). A wide range of 
heat flux intensities is swept including the critical region (0 < Pign < 1) 
with fifty tests (Ntest = 50) for each intensity of the flux. The error bars 
estimated from (23) are shown in Fig. 4 except for tests with no ignition 
(Nign = 0). The minimum ignition probability that can be measured here 
is Pign = 2% (i.e. one successful test). Obviously, from Fig. 4 ignition 
probability at the estimated critical heat flux q˝c = 4.0 ± 0.5 kW/m2 is 
expected to be much smaller than this limit probability. The ignition 
probability at (q˝c = 4.0 ± 0.5 kW/m2) would correspond to the limit 
probability for Ntest = ∞. The values of the critical heat flux for ignition 
presented in literature [38,47] were estimated according to ASTM 1354 
standards [15] with only few tests (at most 5 tests for repeatability). 
These values are consistent with the value of the heat flux corresponding 
to Pign ≅ 20% in Fig. 4. Hence, the difference between the value of the 
critical heat flux for ignition estimated from Fig. 3a and that given by 
literature is mainly due to the probabilistic behavior of ignition, ignored 
by the methods of literature. Deterministic methods thus over-estimate 
threshold heat flux, since there are still configurations where the fuel 
can be ignited. The threshold flux estimated from Fig. 3a appears then 
much more accurate for fire safety purposes. 

If the estimation of the critical heat flux is of least importance for fire 
managers in case of large wildland fire spread, it is on the other hand of 
extreme importance before fire event in the following cases:  

- The control of fire spread through the wildland properties management: 
this is done by planting fields of vegetation with low flammability 
and/or low heat release rate. Fuels of high moisture content can be 
good retardant of fire.  

- Fuel breaks at the wildland/urban interface: the fuel break width is 
usually estimated so that fuels cannot be ignited on the urban side 
[60], because the heat flux is smaller than threshold flux for ignition. 
A critical heat flux obtained from deterministic methods would be 
over-estimated, and would allow probably fire initiation at the urban 
side. Thus, even weak, the initiated fire may be strengthened before 
fire fighters’ intervention. 

Fig. 4. Ignition probability for Ph needles (with errors) vs. incident heat flux. 
The arrows show the width of the transition region δq˝. 
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A similar probabilistic ignition behavior as in Fig. 4 has been 
observed in the case of ignition of flammable liquids by hot surfaces 
[61]. It has been attributed to both the statistical nature of data and 
parametric variations in test conditions. It could be due to the hetero-
geneous air/fuel mixing process (fuel diffusion in flowing air). The 
width of the critical region of ignition probability for drop liquids could 
depend on the microscopic composition of the liquid fuel. In Fig. 4, the 
width (δq˝) seems to decrease as the packing ratio increases. It would be 
interesting to investigate such a probabilistic aspect for solid fuels like 
PMMA, although cheaper solid fuels might be used for this end. 

The rate of spread is one of the most used quantities by fire science 
community for wildland fires characterization. It corresponds to the 
inverse of ignition time, but the spread/non-spread transition is not only 
induced by the critical heat flux delivered by the flame but also by its 
residence time (combustion time). Fire spread is not possible if the 
residence time of the flame is smaller than the time required by the 
nearest fuel bed for its ignition, even if the heat release rate of burning 
fuel is larger than the critical heat flux for ignition. The flame residence 
time of burning fuels is finite (e.g. around 30 s for needles if arranged in 
non-compacted beds [62]) whereas the heat flux supplied by the cone 
calorimeter can be maintained until ignition. Zekri et al. [63] have 
distinguished this spreading transition (called dynamic transition) from 
that induced by the spatial heterogeneity of the fuel [6]. 

5. Conclusions 

Ignition time of Mediterranean wildland fuels was measured using a 
cone calorimeter, and estimated analytically and numerically by means 
of a model based on energy balance. Although the model was widely 
used to describe ignition process and to predict wildland fire spread, it 
fails in estimating ignition time in the critical region. The main cause of 
this disagreement comes from the critical mass loss rate that misses from 
the ignition criteria used by the model. The critical heat flux for ignition 
was estimated for experimental data using a new method based on the 
power-law behavior of ignition time characterizing phase transitions. 

The threshold value of the flux was found much smaller than those 
mentioned in literature (e.g. for Ph needles), with fire safety conse-
quences in many wildland fire situations. The discrepancy is explained 
by the probabilistic ignition behavior appearing in the critical region, 
which was ignored by the deterministic methods of literature. It is 
suggested that such a probabilistic behavior is due to the heterogeneities 
of fuel particles arrangement and even probably to those of the micro-
scopic components flow and diffusion processes. This opens the question 
of assessing the probabilistic behavior for solid fuels (φ = 1). 
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Appendix 

Let us demonstrate equation (18) using the above energy conservation equation (9), which can be rewritten as: 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∫t1

0

[q˝inc − hc(T − T0)]dt+

∫t1+t2

t1

[q˝inc − hc(T − T0)]dt+

∫tign

t1+t2

[q˝inc − hc(T − T0)]dt

=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∫373K

T0

φ(0)ρ(0)e
[
cf

p + hwcw
p

]
dT−

∫0

hw

φ(0)ρ(0)eLwdh’w+

∫Tpyr

373 K

φ(0)ρ(0)ecf
pdT

(A.1) 

Ignition time is the sum of the 3 steps durations of (A.1): the heating up to boiling temperature (T0 ≤ T < 373 K) for a time span t1, water 
evaporation for time span t2, and dry fuel heating up to pyrolysis for time span tign-t1-t2. From (A.1), the differential equation of the first step is: 

q˝inc − hc(T − T0)= τ′hc
d(T − T0)

dt
(A.2)  

where the moist fuel relaxation time is τ′

= τ
(

1+hw
cw

p

cf
p

)

. The solution of (A.2) is: 

T − T0 =
q˝inc

hc

⎛

⎝1 − e−
t

τ′

⎞

⎠ (A.3) 

Replacing equation (A.3) in the first term of (A.1), the energy conservation for the first step yields: 
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∫t1

0

q˝ince−
t

τ′ dt =
∫373− T0

0

τ′hcd(T − T0) (A.4) 

This yields after integration: 

q˝inc

⎛

⎝1 − e−
t1
τ′

⎞

⎠= Q˝c (A.5) 

Here Q˝c = hc(373 − T0). The first step time t1 is: 

t1 = τ′ ln
(

1 −
Q˝c

q˝inc

)− 1

(A.6) 

Regarding the second step duration t2 (water evaporation) q˝lost = hc(373 − T0) = Q˝c and the energy conservation yields: 

∫t1+t2

t1

(q˝inc − Q˝c)dt= −

∫0

hw

φ(0)ρ(0)eLwdh’w =

∫hw

0

τ Lwhc

cf
p

dh’w (A.7) 

Then: 

t2 = τhw
Lwhc

/
cf

p

q˝inc − Q˝c
(A.8) 

The third step corresponds to pyrolysis of dry fuel in the temperature range 373 K ≤ T < Tpyr. Temperature solution is similar to equation (A.3) 
with a relaxation time τ = φ(0)ρ(0)ecf

p/hc instead of τ’. The energy conservation equation for the third step is then: 

∫t1+t2+t3

t1+t2

[q˝inc − hc(T − T0)]dt =
∫Tpyr − T0

373− T0

τhcd(T − T0) (A.9) 

Here temperature exhibits a relaxation process as in (A.3) with a relaxation time τ. This yields after integration: 

q˝incτ

⎛

⎝e−
t1+t2

τ − e−
tign

τ

⎞

⎠= τ(q˝c − Q˝c) (A.10)  

With q˝c = hc(Tpyr − T0). Rewriting t1 + t2 from equation (A.6) and equation (A.8) yields: 

t1 + t2 = τ
(

1+ hw
cp

w

cp
f

)

ln
(

1 −
Q˝c

q˝inc

)− 1

+ τhw
Lwhc

/
cp

f

q˝inc − Q˝c
(A.11) 

Finally we have: 

e−
tign

τ = e− hw
Lw hc/cp f

q˝inc − Q˝c

(

1 −
Q˝c

q˝inc

)1+hw
cpw

cp f

−
(q˝c − Q˝c)

q˝inc
(A.12) 

The logarithm of (A.12) yields equation (18) 

tign
/

τ= − ln

⎛

⎜
⎝e− hw

Lwhc/cp f

q˝inc − Q˝c

(

1 −
Q˝c

q˝inc

)1+hw
cpw

cp f

−
q˝c − Q˝c

q˝inc

⎞

⎟
⎠ (A.13)  
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