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Abstract

A model for thermal degradation of woody fuel particles is developed. It includes drying, pyrolysis, and char oxidation processes. The model
is first applied to assess the validity of the thermally-thin pyrolysis assumption commonly used in wildfire behavior models. For a given exter-
nal radiant heat flux, the particle size at which transition between thermally-thin and thermally-thick pyrolysis regimes occurs is evaluated by
comparing the pyrolysis times computed for both regimes. It is found that, for a given flux, the particle size above which the thermally-thin
assumption is questionable, is independent on the moisture content and on the particle surface-area-to-volume ratio. This means that the transition
characteristic lengths for spheres, cylinders and slabs are related by: Lcr = Lcr,slab = Lcr,cyl/2 = Lcr,sph/3. A Biot number based on the particle
surface-area-to-volume ratio, σp can then be defined as Bi = εwQext/λwσp�T . Results show that the thermally-thin regime can be defined by
Bi < 0.1 whatever the particle shape. They reveal that the traditional thermally-thin pyrolysis assumption is not suitable to model wildland fire
behavior. For thin particles responsible for fire spread pyrolysis is kinetically-controlled while it is controlled by heat diffusion for large particles.
Secondly, the model is applied to the combustion of firebrands. Model results are found in good agreement with available experimental data.
© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Wildland fire spread depends mainly on the heat transfer
from the flame and burning region of the fuel bed to the unburnt
solid material, which in turn decomposes into volatile gases.
These pyrolysis products convect and diffuse outwards, and mix
with air to form a combustible mixture ahead of the flame lead-
ing edge. Then this mixture is ignited by the flame. Thermal
degradation process can be divided into three stages: drying,
pyrolysis, and char oxidation. As a consequence of wildland
fuel pyrolysis, after drying, combustible and non combustible
gases, char, and soot are formed. For forest fuel matter, char
consists of pure carbon (80–97%) and ash. If oxygen is present
at the surface of the incandescent charreous particles and tem-
perature is high enough, an exothermic heterogeneous global
char oxidation takes place.
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The modelling of thermal degradation is complex because of
the strong coupling between chemical and heat and mass trans-
fer processes. It is a well established fact that the spread rate of
wildland fires is often determined by burning in fine fuels [1].
As a result, most theoretical studies on wildfire propagation
were conducted assuming thermally-thin fuel particles [2,3].
The range of validity of this assumption depends widely on
the particle size and on the amount of heat transferred from
the flame to the unburnt fuel. Moreover, larger fuel particles
contribute to the fire intensity and flaming zone combustion as
well as the fuel consumption ratio [1]. On another hand, pre-
vious analysis [4] have shown that firebrands responsible for
spotting are thermally-thick particles. Spotting is the process
whereby flaming or glowing firebrands are transported ahead of
the source fire to initiate new fires called spot fires [4]. The fire-
brands may be transported by wind alone or be initially lofted
by a convection column, fire plume or fire whirl [5,6]. The
probability of fuel bed ignition by flaming firebrands has been
modelled [7]. The capability of a firebrand to initiate a new spot
fire depends mainly on its energetic content at landing.
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Nomenclature

Cp specific heat
h heat transfer coefficient
Lv latent heat of vaporization
Lchar heat of char oxidation
m′′ mass flux
M moisture
Qext external heat flux
R particle radius
r radial distance
RH2O rate of vaporization
Rpyr rate of pyrolysis
Rchar rate of char oxidation
Re Reynolds number
Sc Schmidt number
Sp particle surface
Vp particle volume
YO2 oxygen mass fraction in the oxidant gas flow

�Hpyr heat of pyrolysis

Greek symbols

ρ density
σp particle surface-area-to-volume ratio
νchar char mass fraction
χ specific gravity
ε surface emissivity
α thermal diffusivity

Subscripts and superscripts

amb ambient
cr transition
conv convection
m moisture
pyr pyrolysis
w wood
w0 dry wood
The aim of this paper is to propose a simplified thermally-
thick model including the main chemical processes occurring
during thermal degradation of wildland fuel particles, namely
drying, pyrolysis, and char combustion. This model is first ap-
plied to explore the suitability of the thermally-thin assumption
to describe the pyrolysis of vegetal particles. Second, this model
is applied to the combustion of firebrands and comparisons with
experiments are performed.

2. Previous studies on wood thermal degradation
modelling

There is substantial volume of work regarding the degra-
dation of thermally-thick cellulosic materials by heat because
of its interest in fields such as fire protection or energy con-
version from biomass. Several researchers have developed nu-
merical models of wood pyrolysis [8–22]. The most complete
models describe the main transport phenomenon coupled with
volumetric reactions for primary formation of tars, gases, and
char. In some cases, the gas-phase cracking of tars is also in-
cluded. These models describe the gas flow within the parti-
cle in conjunction with gas and solid-phase mass conservation,
and total energy conservation [11,14–19]. Multiple-competing
two-step reactions are used to model pyrolysis. Models for
wet and dry wood pyrolysis with char shrinkage were also
developed [13,15]. Detailed review on pyrolysis models has
been presented [16]. Such models, after further implementa-
tions concerning heterogeneous combustion, could be incorpo-
rated in complete wildland fire spread models. Nevertheless,
simplifications are required to keep computational effort within
reasonable limits. Simpler models of wood pyrolysis have been
developed [12,19,20]. They are based on one-step chemical ki-
netics to describe pyrolysis and they generally use the shrinking
unreacted-core approximation which assumes that the char re-
gion is separated from virgin wood by an infinitely-thin front
where pyrolysis takes place. They ignore the accumulation of
gas products inside the particle assuming that volatiles escape
as soon as they are formed. Moisture evaporation is gener-
ally assumed to be a thermally-controlled process which takes
place across an infinitely thin front at constant temperature
[19,20].

Thermal regimes which controlled the pyrolysis depend on
the ratio of the external heat transfer to the internal heat trans-
fer. This dimensionless ratio is the Biot number and can be
expressed by: Bi = hL/λ where h is an effective heat transfer
coefficient, L a particle characteristic length and λ the con-
ductivity. For inert solids, the transition between thermally-
thin and thermally-thick regimes is considered to occur at
Biot number equal to 0.1 [23]. The definition of the Biot
number becomes more ambiguous when the particle under-
goes a thermal degradation as its properties are composition-
and temperature-dependent. Using a Biot number based on
the conductivity of wood, Bryden et al. [17] have shown that
it is appropriate to define the transition between thermally-
thin and thermally-thick regimes for Bi = 0.2. This results
in a maximum temperature difference across the particle of
about 30–35 K at the transition. In agreement with Pyle and
Zaror [21], Bryden et al. [17] have shown that the addition
of a second dimensionless number which estimates the rela-
tive rate of external heating and pyrolysis, allows determin-
ing four regimes: thermally-thin kinetically-limited, thermally-
thin heat-transfer-limited, thermally-thick and thermal wave
regimes.

3. Mathematical model

The reduced model developed in this paper considers dry-
ing, pyrolysis and char oxidation processes and is based on the
following assumptions.
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(a) The particle loses mass via both in-depth drying and py-
rolysis, and char oxidation. It loses volume only from the
heterogeneous combustion at the outer surface.

(b) Vaporization is modelled by a first-order Arrhenius law
[24] to avoid problems of numerical stability [22].

(c) The pyrolysis of virgin wood is modelled by a one-step re-
action leading to the formation of volatiles and char, using
a first-order Arrhenius law.

(d) The char-yield is constant [19,20,25,26].
(e) Char oxidation is a two-step chemical reaction.
(f) Water vapor due to the drying process and gaseous pyrol-

ysis products are assumed in thermal equilibrium with the
solid matrix.

(g) Heat and mass transfer are one-dimensional.
(h) All gaseous products escape immediately as soon as they

are formed.
(i) In agreement with Grishin [24], the gaseous pyrolysis prod-

ucts (GPP) are an effective gas mixture of CO and CO2.

The degradation process can be summarized by the simpli-
fied three-step mechanism:

• Endothermic drying reaction

WWF → νH2OH2O + (1 − νH2O)DWF (1)

where WWF and DWF represent moist and dry wood.
• Endothermic global pyrolysis reaction

DWF → νcharChar + (1 − νchar)GPP (2)

• Exothermic global char oxidation reaction.

The two-step kinetic model considers a primary oxidation of
carbon atoms into CO and the secondary oxidation where CO
reacts with O2 to form CO2.

Under the previous assumptions, the balance equations for
the mass of moisture, wood, and char can be written as follows:

∂

∂t
(ρm) = −RH2O (3)

∂

∂t
(ρw) = −Rpyr (4)

∂

∂t
(ρchar) = νcharRpyr (5)

where the rates of mass loss due to drying and pyrolysis are
expressed from Arrhenius-type laws:

RH2O = ρmAH2OT −1/2 exp(−EH2O/RT) (6)

Rpyr = ρwApyr exp(−Epyr/RT) (7)

• During char oxidation, the rate of volume loss is given by

ρchar
∂Vp

∂t
= −RcharSp (8)

If the relative velocity of air with respect to the particle is zero,
the rate of reaction per external unit area can be expressed by
the following correlation [27]

Rchar = −3
(

D0
)

ρ0

(
T

)0.75 1
ln(1 − γsYO2) (9)
2 2R T0 γs
where D0 and ρ0 are the oxygen diffusion coefficient and the
gas density at T0 = 273 K, and γs = −0.3 for the two-step ki-
netics.

If the particle is crossed by an air flow of relative velocity u,
the global reaction rate Ru

char, can be expressed according to
[28]

Ru
char = Ru=0

char

(
1 + 0.272Sc1/3Re1/2

p
)

(10)

• Equation of conservation of mass flux of gaseous fuel
species

1

rj

∂

∂r

(
rjm′′

H2O

) = RH2O (11)

1

rj

∂

∂r

(
rjm′′

CO

) = (1 − νchar)αCORpyr (12)

1

rj

∂

∂r

(
rjm′′

CO2

) = (1 − νchar)(1 − αCO)Rpyr (13)

where αCO is the combustible part of the gaseous pyrolysis
products.

• Energy balance

(ρiCpi )s
∂T

∂t
+ (m′′

i Cpi )g
∂T

∂r

= 1

rj

∂

∂r

(
rjλ

∂T

∂r

)
− RH2OLv − Rpyr�Hpyr (14)

with

(ρiCpi )s = ρmCpm + ρwCpw + ρcharCpchar (15)

(m′′
i Cpi )g = m′′

H2OCpH2O + m′′
COCpCO + m′′

CO2
CpCO2 (16)

The subscript j is relative to the particle shape and is equal
to 0 for slabs, 1 for cylinders and 2 for spheres. The thermal
conductivity λ is assumed to vary with the composition of the
solid fuel according to: λ = ηλw + (1 − η)λchar + λm, where
η = ρw/ρw0 and λm = χ(0.004M).

The initial condition is: T (r,0) = 300 K.
The boundary conditions are:

−λ
∂T

∂r

∣∣∣∣
r=0

= 0 (17)

−λ
∂T

∂r

∣∣∣∣
r=L

= ε
[
Qext − σ

(
T 4 − T 4

amb

)] + hconv(Tamb − T )

+ αcharRcharLchar (18)

where αchar is the fraction of the energy released by the char
oxidation that is deposited in the particle.

The system of equations is solved by the finite volume
method [29]. When char oxidation occurs, an adaptative remesh
procedure is performed as the particle surface regresses.

4. Results and discussions

4.1. Model validation

The pyrolysis model is validated against the experiments of
Galgano and Di Blasi [19]. They considered wood cylinders of
radius 0.02 m submitted to an external heat flux of 49 kW m−2.
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Table 1
Fuel property values and thermokinetic constants

Property Wood Douglas Pine [24]

ρw (kg m−3) 650 [19] 710
ρchar (kg m−3) 147 [19] 180
�Hpyr (kJ kg−1) 430 [19] 418
Lchar (kJ kg−1) −1.2 × 104

Cpw (kJ kg−1 K−1) 1.5 [19] 1.46
Cpc (kJ kg−1 K−1) 2.1 [19] 1.1
λw (W m−1 K−1) 0.3 [19] 0.24
λc (W m−1 K−1) 0.25 (best fit) 0.1
εw 0.9 [30] 0.9
AH2O (s−1 K−1/2) 6 × 105 [24] 6 × 105

Apyr (s−1) 3.5 × 1010 [31] 3.64 × 104

EH2O (kJ mol−1) 48.22 [24] 48.22
Epyr (kJ mol−1) 137 [31] 60.27

Fig. 1. Time evolution of the solid mass fraction for different values of FMC.
Experimental results reported in [19] are also shown.

Fuel properties and thermokinetic constants used for the pre-
dictions are summarized in Table 1. The biggest uncertainty is
related to the coefficients of the pyrolysis model given in the
literature. The values of the pre-exponential factor and the ac-
tivation energy adopted are close to those used by Di Blasi for
cellulose [31].

Fig. 1 represents the time evolution of the normalized mass
of the particle. Since experiments were carried out in a non-
oxidizing medium, char oxidation cannot occur. Model results
present a quite good agreement with experiments whatever the
FMC considered.

4.2. Thermal regime for wildland fuel pyrolysis

The model is applied to cellulosic materials representative
of the Mediterranean biomass in order to assess the validity of
the thermally-thin pyrolysis assumption currently used in wild-
land fire models. During wildfire spread, pyrolysis products mix
and react with available oxygen to generate the flame. Conse-
Fig. 2. Time evolution of the vapor and pyrolysis mass flow rates for a ther-
mally-thin 0.25 mm-radius sphere and FMC = 30% exposed to a radiant heat
flux of 40 kW m−2.

quently, oxygen is highly consumed by homogeneous combus-
tion and thus a small amount of oxygen mass fraction diffuses
towards the solid surface, which limits char oxidation. This
means that pyrolysis and char oxidation processes occur suc-
cessively. Char oxidation can then be disregarded as it does not
influence pyrolysis process. Particles are submitted to radiant
heat fluxes ranging from 10 to 150 kW m−2. Particle charac-
teristic lengths in the range 0.05–3 mm and FMC in the range
0–100% are considered. Spheres, cylinders and slabs are con-
sidered. Douglas pine is used as fuel. Thermal properties values
and thermokinetic constants of this fuel are listed in Table 1.
The transition between thermally-thin and thermally-thick py-
rolysis regimes can be determined by a threshold value on the
Biot number defined by:

Bi = εQextL

λ�T
(19)

L is a characteristic length depending on the particle geome-
try while �T refers to the difference between a characteristic
pyrolysis temperature and the ambient. During thermal degra-
dation, both emissivity and conductivity may vary significantly
leading to an unclear definition of the Biot number. Bryden et
al. [17] argued that the limiting Biot number for thermally-thin
regime occurs after the wood is dried and consequently the
particle size limit for thermally-thin pyrolysis is independent
on FMC. This assertion is strictly valid if drying and pyroly-
sis occurs successively in the thermally-thin regime. For wood
species typical of Mediterranean ecosystems, the onset of py-
rolysis occurs at low temperature which explains the low acti-
vation energy of pyrolysis (Table 1). Fig. 2 shows both vapor
and pyrolysis mass flow rates as a function of time for a sphere
of radius 0.25 mm and FMC of 30% submitted to a 40 kW m−2

radiant heat flux. Since, the maximum temperature difference
across the particle during wood degradation process is less than
20 K, it is considered that pyrolysis occurs in the thermally-
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Fig. 3. Evolution of the pyrolysis times obtained from thermally-thin and ther-
mally-thick models and γ as a function of the characteristic length for dry
cylinders. The radiant heat flux is 40 kW m−2.

thin regime in agreement with Bryden et al. [17]. Results reveal
that although the particle is thermally-thin, drying and pyroly-
sis processes overlap. These two processes become successive
for higher pyrolysis activation energies. This overlapping ex-
plains the difficulty to initiate flaming combustion for thin and
wet vegetal particles as water vapor dilutes pyrolysis products.
Consequently, the initial FMC may affect the transition between
thermally-thin and thermally-thick pyrolysis regimes. This will
be studied below.

In order to define an adequate Biot number, a criterion has
to be defined to delimit thermal regimes for pyrolysis. For wild-
land fires, the flaming residence time is directly related to the
pyrolysis time. Consequently, in order to evaluate the transition
regime, the relative variation between pyrolysis times deter-
mined for both regimes is considered:

γ = 100 ×
(

tp,thick − tp,thin

tp,thick

)
(20)

Fig. 3 shows the evolution of pyrolysis times obtained from
both thermally-thin and thermally-thick models and γ versus
the particle radius for cylindrical dry particles exposed to a ra-
diant heat flux of 40 kW m−2. For small particle radius, both
models provide the same solution. As the radius increases,
the relative discrepancy between the two models increases as
the thermally-thin assumption becomes no longer valid. The
regime transition may be defined by a 2% threshold value on γ .
A slight change in this threshold value does not modify sig-
nificantly the particle size limit in the thermally-thin regime.
A 2%-threshold value on γ results in a maximum temperature
difference across the particle during pyrolysis less than 20 K.

In order to study the effect of FMC on the transition, the evo-
lution of pyrolysis times obtained from both thermally-thin and
thermally-thick models as a function of the particle characteris-
tic length for FMC of 0, 30 and 50% is shown in Fig. 4. Cylin-
ders submitted to an external radiant heat flux of 40 kW m−2,
Fig. 4. Pyrolysis times as a function of the radius of a cylinder for differ-
ent FMC. The radius at which transition between thermally-thin and ther-
mally-thick pyrolysis occurs is indicated. The radiant heat flux is 40 kW m−2.

are considered. It is worthy noting that the same conclusions
can be drawn independently of the particle shape and the exter-
nal heat flux. As shown previously, vapor and pyrolysis mass
flow rates overlap even in the thermally-thin regime due to
the low pyrolysis activation energy (Table 1). This explains
that, for given external heat flux and particle size, the pyrol-
ysis time increases with FMC whatever the thermal regime.
For higher pyrolysis activation energies, drying and pyroly-
sis processes would become successive in the thermally-thin
regime and FMC would not affect the pyrolysis time [19]. Al-
though pyrolysis time increases with FMC in the thermally-thin
pyrolysis regime, Fig. 4 shows that FMC has not a significant
effect on the transition radius. The critical radius is 0.265, 0.27
and 0.26 mm for FMC of 0, 30, and 50%, respectively. Since
the size transition delimiting thermally-thin and thermally-thick
pyrolysis is nearly independent of FMC, the Biot number can
be defined as:

Bi = εwQextL

λw�T
(21)

The characteristic length L is the half of the slab thickness. It
corresponds to the radius for both cylinder and sphere. The
effects of the particle shape on the regime transition can be
deduced from the following analysis. Let us consider a dry par-
ticle. In the thermally-thin pyrolysis regime the integration of
Eqs. (12)–(14) over the whole particle volume leads to:

m′′
i Sp = (1 − νchar)αiRpyrVp, i = CO,CO2 (22)

ρCp
∂T

∂t
Vp = {

ε
[
Qext − σ

(
T 4 − T 4

amb

)] + hconv(Tamb − T )
}
Sp

− Rpyr�HpyrVp (23)

These two equations have to be solved in connection with
Eqs. (3) and (4).
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(a)

(b)

Fig. 5. Pyrolysis time as a function of the particle radius for an external heat
flux of (a) 40 kW m−2 and (b) 80 kW m−2. Slabs, cylinders and spheres are
considered.

A dimensional analysis shows that the last term on the right-
hand side of Eq. (23) can be neglected due the low heat of pyrol-
ysis emphasizing that the effect of the particle shape is related
only to the particle surface-area-to-volume ratio, σp = Sp/Vp.
As transition occurs for a critical value of σp whatever the par-
ticle geometry, the corresponding particle characteristic lengths
are related by

Lcr,slab = Lcr,cylinder/2 = Lcr,sphere/3 (24)

This behavior appears clearly by comparing the evolutions of
the pyrolysis time versus the particle characteristic length for
external heat fluxes of 40 and 80 kW m−2. For an incident flux
of 40 kW m−2 (Fig. 5(a)), transition occurs for a characteristic
length of 0.13 mm for a slab, whereas it is 0.26 mm for a cylin-
der and 0.4 mm for a sphere. When the external heat flux is
Fig. 6. Evolution of the transition radius as a function of the external radiant
heat flux for spheres.

increased to 80 kW m−2 (Fig. 5(b)), Lcr is equal to 0.065, 0.13
and 0.20 mm, respectively. These values satisfy Eq. (24).

Using a characteristic pyrolysis temperature of 500 K [2],
the transition Biot number (Eq. (21)) is found to be 0.1, 0.2 and
0.3 for a slab, a cylinder and a sphere, respectively. Eq. (24)
suggests that a Biot number independent of the particle geome-
try can be defined as:

Bi = εwQext

λwσp�T
(25)

Using this definition of the Biot number, the transition between
thermally-thin and thermally-thick pyrolysis occurs at Bi = 0.1
whatever the geometry considered.

Fig. 6 shows the evolution of the transition radius as a func-
tion of the external radiant heat flux for a sphere. As shown
previously, the transition characteristic length for cylinder and
slab can be deduced from Eq. (24) and the above-drawn con-
clusions remain valid for cylinder and slab. It is found that the
transition radius decreases with increasing radiant flux. This
curve allows distinguishing thermally-thin and thermally-thick
pyrolysis regimes. Particles of 0.5 mm radius are thermally thin
for a flux less than 30 kW m−2 and become thermally thick be-
yond. For wildland fire applications where the fuel particles are
often exposed to strong radiant heat fluxes, the range of validity
of the thermally-thin pyrolysis assumption is then very limited.
It must be underlined that even thin particles such as pine nee-
dles have likely to be treated as thermally thick for typical fires
in Mediterranean landscapes.

4.3. Further discussions

Since pyrolysis of fuel particles in wildland fire spread oc-
curs in the thermally-thick regime, it is important to know
which mechanism controls the pyrolysis process. The charac-
teristic times for heat diffusion and kinetics are given by τd =
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(a) (b)

(c) (d)

Fig. 7. Temperature and wood density profiles across cylindrical particles submitted to an external radiant flux of 80 kW m−2 at different times and for particle radii
of: (a) 0.13 mm, (b) 0.75 mm, (c) 1 mm, and (d) 10 mm.
L2/αth,d and τc = (Apyr e− Epyr
RT )−1 where αth,d = λw/(ρwCpw)

is the thermal diffusivity. Two limiting cases can be distin-
guished: a kinetically-controlled regime for τd � τc and a
heat-diffusion-controlled regime for τd � τc. For the latter, the
chemical process is fast and the pyrolysis front can be repre-
sented as an infinitely thin front. This is the starting point of the
shrinking unreacted-core model.

Fig. 7 shows temperature and wood density profiles across
cylindrical particles at different times for an external heat flux
of 80 kW m−2 and different particle radius. For the smallest
particles (the value of 0.13 mm corresponds to the transition
radius), these profiles are almost flat with the exception of a
slight temperature gradient which takes place inside the parti-
cle near the outer surface. In this case τc ≈ 0 and the pyrolysis
process is kinetically-controlled. As the particle size increases,
the penetration of the thermal wave is no longer infinitely fast
and temperatures profiles exhibit more variation across the par-
ticle (Figs. 7(b) and 7(c)). As a consequence, wood density in-
creases as the distance from the particle center decreases. How-
ever, pyrolysis occurs in the major part of the particle which
suggests that for particles of 0.75 and 1 mm radius, pyroly-
sis is kinetically-controlled. For larger particles, as the particle
size increases, the wood density profiles show a sharp vari-
ation which suggests that the process becomes controlled by
heat diffusion (Fig. 7(d)). Although not shown in the figures,
both pyrolysis and evaporation times exhibit a linear increase
with FMC as reported in previous experimental and theoretical
analysis [12,19].

4.4. Application to firebrand combustion

In this section the model is applied to describe the combus-
tion of firebrands. Experimental data of the Northern Forest Fire
Laboratory, reported by Muraszew et al. [32] are used for com-
parisons. These experiments consider the combustion of oven
dry 12.7 cm-long cylinders, wind relative velocities of 4.47
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Fig. 8. Fractional loss of density × thickness as a function of a regression vari-
able for Ponderosa Pine firebrands.

and 6.70 m s−1 and different initial particle sizes and masses.
Wood material is pyrolyzed by heat supplied from homoge-
neous combustion at the outer surface. Consequently, during
the pyrolysis process, the surface particle temperature remains
constant and equals to 993 K [33]. The properties of air sur-
rounding the particle are evaluated at average conditions which
are taken to be the ambient pressure and the arithmetic mean of
the surface particle temperature and the ambient temperature.
Fig. 8 shows the evolution of the ratio (ρsD)/(ρsD)0 as a func-
tion of (ρaUtf)/(ρsD)0 where ρs, D, U , tf and ρa represent the
solid density, the particle diameter, the wind velocity, the final
test time, and the air density, respectively. The subscript 0 de-
notes initial values. These two dimensionless groups are taken
from the analysis of Albini [4] based on the data of Muraszew
et al. [32]. The data concerns Ponderosa Pine. Fig. 8 shows that
the agreement between the model results and the experimental
data is good with a maximum in deviation of 20%.

5. Conclusion

A simplified thermally-thick wildland fuel degradation
model is developed. Model results are found in agreement with
experimental data. The model is applied to assess the validity of
the thermally-thin pyrolysis assumption currently used in wild-
land fire behavior models. The following conclusions can be
drawn:

• For a given radiant flux, FMC does not affect the parti-
cle size limit for thermally-thin pyrolysis. For the present
purpose, this result is not direct since drying and pyrolysis
overlaps even in the thermally thin regime due to the low
activation energy of pyrolysis.

• Geometry has a significant effect on the particle size limit
for thermally-thin pyrolysis. For a given flux, results re-
veal that the transition between the thermally-thin and the
thermally-thick regimes occurs for the same value of the
particle surface-to-volume ratio which leads to the determi-
nation of the corresponding characteristic lengths for slabs,
spheres, and cylinders.

• Defining the Biot number as Bi = εwQext
λwσp�T

, transition occurs
when Bi = 0.1 whatever the particle shape.

• The range of validity of the thermally-thin pyrolysis as-
sumption in wildland fire behavior modelling is all the
more limited as the heat transfer from the flame to the un-
burnt fuel bed is high. The characteristic length for which
transition occurs is determined as a function of the over-
head flame radiative heat flux.

• Results suggest that pyrolysis is kinetically-controlled for
fine particles that are responsible for fire spread. As parti-
cle size increases, the characteristic time of heat diffusion
becomes smaller and the pyrolysis becomes progressively
controlled by heat diffusion. For low characteristic diffu-
sion time, the pyrolysis front can be approximated by an
infinitely thin front separating char layer from virgin wood.

Finally, comparisons with experiments show that the model is
relevant to describe firebrand combustion.
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