
HAL Id: hal-01157866
https://hal.science/hal-01157866v1

Submitted on 1 Jun 2015

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

A dimensional analysis of forest fuel layer ignition
model: Application to the ignition of pine needle litters

Aymeric Lamorlette, Mohamad El Houssami, Jan C. Thomas, Albert Simeoni,
Dominique Morvan

To cite this version:
Aymeric Lamorlette, Mohamad El Houssami, Jan C. Thomas, Albert Simeoni, Dominique Morvan.
A dimensional analysis of forest fuel layer ignition model: Application to the ignition of pine needle
litters. Journal of Fire Sciences, 2015, pp.NC. �10.1177/ToBeAssigned�. �hal-01157866�

https://hal.science/hal-01157866v1
https://hal.archives-ouvertes.fr


A dimensional analysis of forest
fuel layer ignition model:

Application to the ignition of pine
needle litters

Aymeric Lamorlette1, Mohamad El Houssami2, Jan C. Thomas2,
Albert Simeoni2 and Dominique Morvan1

Abstract

This paper deals with the physical modelling of forest fuel layer
ignition. A model based on momentum, fluid and solid phase energy
equations is written for a fuel layer and a dimensional analysis is per-
formed. This analysis allows to enlighten two relevant dimensionless
groups regarding the dimensionless time to ignition of a fuel layer and
also provides a suited scaling for the fluid velocity inside the fuel layer
during ignition. A correlation for the time to ignition is then fitted
on experimental data obtained using a FM-Global Fire Propagation
Apparatus (FPA) for different pine species with a closed basket. A
good agreement is found, emphasizing the relevance of the dimension-
less groups and the thermally thick behaviour of the solid particles
during the ignition process under incident radiant heat flux as low as
8− 12kW.m−2.

keywords: Forest fuel layer ignition, dimensional analysis, thermal be-
haviour, ignition time correlations

1 Introduction

Ignition of solid material exposed to radiant heat fluxes is a topic that has
been widely investigated in the case of optically thick materials, providing
the “classical ignition theory“ [1]. This theory considers that the radiant
heat flux is fully absorbed by the solid material surface, which ignites when
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the surface temperature reaches a given ignition temperature Ts, ig, neglect-
ing any mixing or chemical time. These assumptions can be considered as
rather crude. According to experimental observations, ignition temperature
depends on the imposed heat flux, as chemical and mixing times. Never-
theless, these approximations seem acceptable for fire safety applications
beyond the critical heat flux [1]. The total heat flux at the solid surface
is estimated as the sum of the net radiant heat flux and a total equivalent
convective heat flux. The square root of time to ignition tig is then propor-
tional to the inverse of the incident radiant heat flux Φ,,

0 in the case of high
fluxes (beyond the critical flux) and thermally thick material:

1
√
tig

=
2√

π
√
λsρsCps

εΦ,,
0

(Ts, ig − T0)
(1)

Where λs is the solid conductivity, ρs the solid density, Cps the solid specific
heat, ε the solid particle emissivity and T0 the ambient temperature.

However, when the incident heat flux reaches important values (above
70 kW.m−2), divergence from this theory is observed [2, 3], showing a time
to ignition higher than the predicted values. This behaviour has been the-
oretically explained using an in-depth radiation assumption in the material
[4, 5].

Adaptation of this theory to forest fuel layers has been proposed [6, 7],
where either an experimental fitting of the total heat transfer coefficient had
to be done [6], or a prescribed constant value which maximise the heat trans-
fer had to be used [7] for this coefficient: The solid surface flux composed
of a radiant and a convective term can be well estimated for classical solid
material, whereas it seems harder when applied to forest fuel layers. Indeed,
the convective heat transfer within the fuel layer is driven by an induced
momentum transfer in no-wind conditions [8] that needs to be firstly eval-
uated. Hence, in order to accurately take into account the convective heat
transfer, a model suited for forest fuel layers must be used. The radiation
absorption coefficient of a fuel layer can be estimated using the classical
DeMestre relation [9, 10] or using direction-dependent relation [11]. There-
fore, transposition of the in-depth radiation concept to forest fuel layer could
be proposed even at low heat fluxes since the radiation absorption coefficient
of a fuel layer is often more than ten times smaller than black PMMA ab-
sorption coefficient, for which a surface absorption of the radiant heat flux
can be considered.

This is why, in order to account for the particular behaviour of forest fuel
layers, the ignition model must be able to represent both in-depth radiation
and natural convection caused by induced momentum. Besides, the question
of the needle thermal behaviour is of prior interest to model the fuel layer
behaviour. Indeed, assuming a thermally thin behaviour suggests to model
the fuel layer using an equivalent medium, whereas assuming a thermally
thick behaviour would require to model specifically the particles. According

2



to a study on the thermal behaviour limit [12], these two approaches are
acceptable, given the particle size and the commonly imposed heat fluxes.
Nevertheless, it seems, according to the same study [12], that the needle
thermal behaviour is thermally thick in most ignition cases. This result
is in accordance with experimental measurements [6, 7], which show that
the inverse of the square root of the time to ignition still seems to depend
linearly on the imposed radiant heat flux. Hence, the model equations will
not consider an equivalent medium for the fuel layer as often proposed for
ignition modelling [7, 13] or for forest fire propagation study [14, 15, 16].
A classical model is chosen instead as it can be suggested for the solid
phase [17]. Moreover, the equivalent medium equation considers an average
solid temperature whereas the ignition process seems to depend on a surface
temperature regarding the classical ignition theory. These two models lead
to different expressions of the characteristic time and the equivalent medium
characteristic time is not consistent with experimental observations [7, 13].
Thus, the characteristic time for the solid material, defined as an effusion
time is:

tref =
π

4
λsρsCps

(
Ts, ig − T0

εΦ,,
0

)2

(2)

Finally, this model allows characterising the solid particle behaviour dur-
ing the ignition process rather than the behaviour of the equivalent medium
as in previous experimental studies [7]. It also helps distinguishing the role
of the solid particles from the role of the packing in the fuel layer ignition
process. Indeed, according to the theoretical thermal limit, this reference
time is more suited to represent the behaviour of sole pine needles [12], if
considering heat flux ranges used in previous experimental studies [7, 13] for
instance.

The paper is organized as follow: In order to develop a dimensional
model for ignition time of forest fuel layers, the studied system equations
are presented along with the characteristic scales used to write them in a
dimensionless form. The role of the different dimensionless groups appearing
in these equations is then discussed and a suited scaling is defined for the
fluid velocity inside the fuel layer during ignition. Several experimental data
on radiation induced piloted ignition, involving numerous pine species, fuel
layer packings and heat fluxes, are then used to evaluate the relevance of
the different dimensionless numbers. This investigation is performed for a
standard experimental configuration, using a FM-Global Fire Propagation
Apparatus (FPA) [18]. Then, a simple correlation is provided for forest
fuel layer ignition time that is accurate on a broad range of experimental
conditions.
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2 Physical modelling

The system studied here, presented in Fig. 1 is composed of a fuel layer
exposed to an incident radiant heat flux heating the solid. The highest
solid temperature, expected at the fuel layer surface, is responsible for igni-
tion. However, an in-depth radiation increases the solid temperature within
the fuel layer. The temperature difference between the solid and the fluid
within the layer is responsible for a convective heat transfer that generates
an induced momentum. This induced momentum is then enhancing the con-
vective heat transfer at the layer surface, modifying the heat transfer and
the time to ignition. Thus, equations must model the momentum trans-
fer in the fluid phase, the heat transfer in both phases as well as in-depth
radiation.

Figure 1: Sketch of the ignition problem

2.1 Set of equations

The following equation is proposed for the momentum modelling, consider-
ing a buoyant and a drag term due to fluid-vegetation interactions:

∂u

∂t
+ (u.∇)u = − 1

ρf
∇p+ νf∆u+ g

Tf − T0

Tf
− Cd

αsσs
2

|u|u (3)

Where u is the fluid velocity, p the total pressure, ρf the fluid density evalu-
ated at Tf , νf the fluid viscosity, g the gravity acceleration, Tf the fluid tem-
perature, Cd the drag coefficient of vegetation usually set [19] at Cd = 0.15.
This coefficient can be more accurately evaluated for needle litters [20]. For
the packing ratios and specific areas considered in this study, it seems never-
theless acceptable to consider a constant value. αs is the solid fraction and
σs the specific area of vegetation. The additional term due to density varia-
tion coming from the divergence of the strain rate tensor is here neglected.
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Using a low Mach number approximation, this term depends straightfor-
wardly on the right hand side of the fluid phase energy equation. Thus, the
dimensionless groups driving the system remain the same.

The following equation is proposed for the fluid phase energy model,
considering the fluid temperature around a solid particle and a convective
heat transfer between the solid particles and the fluid phase:

ρfCpf

(
∂Tf

∂t
+ u.∇Tf

)
= λf∆Tf + χ(Ts, surf − Tf ) (4)

Where Cpf the fluid specific heat and χ = hαsσs the heat transfer coefficient
[8, 21], h being the ”classical“ convective heat transfer coefficient.

Finally, the following equation is proposed for a solid particle, neglecting
the fuel moisture content (FMC):

ρsCps
∂Ts

∂t
= λs∆Ts (5)

The boundary condition at the surface of the solid is:

−λs∇surfTs = εΦ,,
net − h(Ts, surf − Tf ) (6)

Where Φ,,
net is the net radiant heat flux depending on both solid surface

temperature and radiation extinction within the fuel layer. The surface
temperature dependency of Φ,,

net will here be neglected, assuming that the
radiation re-emitted by the surface is small compared to Φ,,

0 during the
ignition process. This assumption is questionable but does not affect the
following dimensional analysis. This radiant heat flux is then depending on
the extinction through the fuel layer which is the exponential of the fuel
layer optical thickness LAI

2 = H αsσs
4 where H is the fuel layer height and

LAI the leaf area index [22]. However, as a first approximation, Φ,,
net will

be considered equal to Φ,,
0 , taking into account the in-depth radiation via

LAI. This is a rather crude assumption as reflection can occur in the litter.
Also, variations of the extinction coefficient can occur due to specific pine
needle orientation. Nevertheless, these phenomena are expected not to be
too different from a pine litter to another. Hence this assumption should be
valid for needle litter, but it could differ for other kind of vegetations such
as leaf litters for instance.

2.2 Characteristic time and length scales

The system exhibits two length scales: One at the scale of the particles in
the system (i.e. at the needle scale) and one at the layer scale (i.e. at the
bulk scale). A subscript p is associated to the particle scale and a subscript
b is associated to the layer scale. Two characteristic time scales have to be
defined: The first one (tref, p = tref ) at particle scale is related to the heat
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transfer ; the second one (tref, b) is related to the momentum transfer at the
fuel layer scale. tref, b can then be defined as tref, b = H/Uref where Uref

is a suited velocity scale. The use of the following velocity scale is proposed

based on buoyant forces Uref =
√
2gH(Tig − T0)/Tig, noticing that another

velocity scale considering equilibrium between buoyant and drag forces could

also be defined: Ulim =
√
2g(Tig − T0)/(CdαsσsTig). The relevance of these

characteristic velocities will be discussed in a following section.
A velocity and a length scale have been defined at bulk scale, a length

scale is now defined at particle scale. Considering a fuel layer composed of
cylinders (this assumption seems relevant for needle litters [23]), the needle
diameter can be defined as d = 4/σs, allowing the definition of the particle
length scale.

2.3 Dimensionless equations

2.3.1 momentum equation

The following set of dimensionless variables is proposed: T ∗
b = (Tf −T0)/Tf ,

z∗b = z/H, u∗ = u/Uref , t
∗
b = t/tref, b with z being a bulk spatial coordinate.

Using a classical methodology [24] leads to:

∂u∗

∂t∗b
+ (u∗.∇∗

b)u
∗ = −∇∗

bp
∗ +

1

Reb
∆∗

bu
∗ +

k

2
g∗ − CdLAI|u∗|u∗ (7)

Where k =
Tig

Tig−T0
T ∗
b , g

∗ = g
‖g‖ , LAI = αsσs

2 H and Reb =
HUref

νf
is the bulk

Reynolds number. Introducing the definition of the reference velocity in the

bulk Reynolds number leads to Re2b =
2H3g(Tig−T0)

ν2
f
Tig

. Hence Re−1
b can be

neglected (and then the diffusion term) when H ≥
(

ν2fTig

2(Tig−T0)gε2Re

)1/3

where

εRe is the threshold beyond which Re−1
b cannot be neglected. This threshold

can be evaluated based on the fact that the order of the other terms in this
equation is unity, suggesting to set εRe = 10−2 for instance. In that case,
the diffusion term can be considered as negligible as long as H ≥ 5 10−3 m,
which is much smaller than the typical height of forest fuel layers. Hence
it will always be neglected during the ignition process, leading to re-write
Eq. (7):

∂u∗

∂t∗b
+ (u∗.∇∗

b)u
∗ = −∇∗

bp
∗ +

k

2
g∗ − CdLAI|u∗|u∗ (8)

Since tref, b << tref, p for most fuel layers (in this study the ratio
tref, b/tref, p is always lower than 1%, according to Table 2), a quasi-static
assumption, i.e. considering a slow temperature evolution regarding the
fluid motion evolution, can also be proposed to define the reference velocity
at a given temperature. The definition of such reference velocity is neces-
sary to estimate the convective heat transfer in the fuel layer [8, 21]. Indeed,
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the Nusselt number that accounts for convective heat transfer is tempera-
ture dependent, whereas the reference velocity Uref is evaluated at ignition
temperature. Hence a velocity evaluated at the medium instantaneous tem-
perature has to be defined in order to evaluate the Nusselt number. This
is the reason why another temperature dependent reference velocity is de-
fined. Eq (3) can then be made dimensionless (making the same assump-
tion on the bulk Reynolds number) using the following reference velocity

Uref, 2 =
√
2gH(Tf − T0)/Tf :

∂u∗

∂t∗b
+ (u∗.∇∗

b)u
∗ = −∇∗

bp
∗ +

1

2
g∗ − CdLAI|u∗|u∗ (9)

2.3.2 solid phase energy equation

The following set of dimensionless variables is proposed: T ∗
s, p = Ts/T0,

r∗p = rσs/4, t
∗
p = t/tref, p where r is a particle spatial coordinate. This leads

to re-write Eq. (5) as:

16Bi2
∂T ∗

s, p

∂t∗p
= ∆∗

pT
∗
s, p (10)

Where Bi =
εΦ,,

0
λsσs(Ts, ig−T0)

is a radiative Biot number [25].

2.3.3 solid phase energy equation boundary condition

The following dimensionless variable is proposed for the fluid temperature:
T ∗
f, b = Tf/T0. Writing the Nusselt number:

Nu =
hd

λf
(11)

provides

−∇∗
p, surfT

∗
s, p = 4Bi

(Ts, ig − T0)

T0
− λf

λs
Nu(T ∗

s, p(r
∗ = 1/2)− T ∗

f, b) (12)

Where the Nusselt number is depending on both Prandtl (Pr) and particle
Reynolds number. The following quasi-static Reynolds number, defined us-

ing characteristic velocity Ulim, 2 =
√
2g(Tf − T0)/(CdαsσsTf ) as discussed

later in the article, is suggested: Reσs = Ulim, 2/νfσs.

2.3.4 fluid phase energy equation

The fluid phase energy equation shows two characteristic times or velocity
scales. Indeed, the fluid temperature time evolution, mostly driven by the
convective heat transfer at short time scales, should depend on the particle
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time scale, whereas the temperature gradient across the fuel layer should
depend on the bulk velocity/time scale. This is why both scales should
appear in this equation. However, this equation is scaled using the bulk
scales to make the comparison between the different terms possible:

∂T ∗
f, b

∂t∗b
+u∗.∇∗

bT
∗
f, b =

1

PrReb

(
∆∗

bT
∗
f, b +

NuLAI2

αs
(T ∗

s, p(r
∗ = 1/2)− T ∗

f, b)

)
(13)

The first term on the right-hand side of Eq. (13) can be neglected since the
second term is much greater, except at very short time scales where Nu ∼ 0.

Moreover, noticing that LAI2

Rebαs
= LAI

Reσs

√
k

CdLAI leads to:

∂T ∗
f, b

∂t∗b
+ u∗.∇∗

bT
∗
f, b =

NuLAI

PrReσs

√
k

CdLAI
(T ∗

s, p(r
∗ = 1/2)− T ∗

f, b) (14)

Thermo-physical properties of pine species used along this study are
from various studies [26, 27, 28, 29] in addition to new measurements. These
parameters are listed in Table 1. The thermo-physical properties of the fluid
are those of air as a first approximation, since the surrounding evolves from
air to pyrolysates during ignition. Nevertheless, since thermal degradation
is about the same for every pine needle species, these properties can be
roughly considered as constant from one ignition to another and also can
be roughly considered as being those of air. Emissivity values are related to
mean values, using a Planck averaging for wood on wavelengths emitted by
FPA lamps [30]. Therefore, it should be noted that comparison with data
obtained using other devices should use different values for the emissivity.

Species ε [-] Ts, ig [K] λ [W.m−1.K−1]

Pinus Halepensis (PH) 0.6 600 0.12
Pinus Strobus (PS) 0.6 600 0.12
Pinus Pinaster (PM) 0.6 600 0.12

Species ρ [kg.m−3] Cp [J.kg−1.K−1] σs [m−1]
Pinus Halepensis (PH) 789 1827 7377
Pinus Strobus (PS) 621 2400 8183
Pinus Pinaster (PM) 927 2017 5500

Table 1: Solid particles physical properties [26, 27, 28, 29, 30], plus some
from this study

3 The different dimensionless groups and their rel-
evance

The following dimensionless groups have been identified in the dimensionless

system of equations: CdLAI,
(Tig−T0)

Tig
, Bi,

(Ts, ig−T0)
T0

,
λf

λs
, Reσs and Pr (via

Nu) and finally LAI to take into account in-depth radiation.

8



3.1 Definition of a relevant velocity scale

It can be noticed that:
Uref

Ulim
=

√
2CdLAI (15)

Therefore the choice of the characteristic velocity does not affect the dimen-
sional analysis since the velocity ratio is only depending on CdLAI which
is one of the dimensionless groups involved in this study. However, the def-
inition of a physically meaningful velocity scale is an interesting question
regarding the model range of validity. Taking Eq. (8), setting CdLAI << 1
provides a standard buoyant flow, so that Uref is a suited velocity scale.
For CdLAI >> 1, the drag force dominates in order to reach the limit ve-
locity quickly. Then Ulim should be used as the velocity scale. A rough
approximation of the characteristic velocity transition is given by Eq. (15)
at CdLAI = 0.5. Since most forest fuel layers as needles [26] or shrubs [31]
exhibit CdLAI > 0.5, Ulim is chosen as velocity scale.

A more detailed study can be provided solving Eq. (9) without pressure
gradient in one dimension with u(t = 0) = 0. The solution is then evaluated
at the time τtrav needed to travel through the layer and compared to the
reference buoyant velocity Uref, 2. Both solutions are made dimensionless
using the limit velocity Ulim, 2, providing:

u(τtrav)

Ulim
= tanh (Argch (exp (CdLAI))) (16)

These curves are presented in Fig. 2, emphasizing that the limit from buoy-
ant to limit flow is located at CdLAI = 0.5 with a pure buoyant flow at
CdLAI << 1 and a pure limit flow at CdLAI >> 1. The difference between
the solution of Eq. (8) and Eq. (9) has to be discussed to apply this remark
in the case of a non quasi-static evolution. Thanks to the behaviour of k
at short time scale, Eq. (8) indicates that the solution Eq. (16) should be
shifted to the left (toward small values of CdLAI), making the curve stiffer
while solution Eq. (16) is recovered at ignition since k tends toward 1 when
Tf tends toward Tig. This remark emphasizes the fact that the flow during
the ignition process is closer to the limit flow.

Because of the previous remark on fuel layers values of the CdLAI pa-
rameter, the particle Reynolds number is then defined using Ulim, 2 rather
than Uref, 2.

3.2 Assumption on the dimensionless groups

To develop a practical ignition time correlation applicable for fire safety, the
following assumptions are suggested to reduce the amount of dimensionless
groups involved in the relation. Hence, to get a simple expression for the
ignition time with an acceptable accuracy, some strong assumptions are
suggested, and discussed after fitting the correlation.
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Cd LAI

u/
U

lim

0 0.5 1 1.5 2
0

0.2

0.4

0.6

0.8

1

Solution of equation (9)
Buoyant flow
Limit flow

Figure 2: Flow behaviour regarding CdLAI

• The fluid surrounding the fuel, thus its physical properties, is con-
sidered to remain constant before ignition. This assumption seems
acceptable since ignition is always occurring with air as surrounding
medium. As the solid is considered as inert until ignition, the gas
phase composition does not change much before ignition. Close to
ignition, pyrolysates are appearing in the surrounding but the compo-
sition change could be considered as identical from one ignition situ-
ation to another (when considering pine needle litters), as suggested
earlier. Hence, considering constant properties, evaluated at a mean
temperature between ambient and ignition temperature, could be re-
liable.

• The relative variations of the particles physical properties (λs, ρs, Cps,
Ts, ig) can be considered small compared to bulk properties relative
variations (αs, H) in the dimensionless groups, according to the pa-
rameter ranges provided in various studies [7, 13, 26, 27, 28, 29].

• The drag coefficient Cd is considered as constant so that CdLAI and
LAI are equivalent dimensionless groups. Indeed, this assumption
is almost always true [20] for fuel layers of interest [7, 13]. Besides,
according to the solid fraction and specific area of pine needles con-
sidered in this study, the relative variation of Cd can be considered as
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negligible compared to the relative variation of LAI.

On account of the two first assumptions, the following dimensionless
groups can be discarded, despite the fact that they actually have a significant

role in the physics of litter ignition: Pr,
(Tig−T0)

Tig
,
(Ts, ig−T0)

T0
and

λf

λs
and the

following remark is noticed: The particle quasi-static Reynolds Reσs number
which depends on T ∗

b is similar for a dimensional analysis to Ψ at given T ∗
b

and CdLAI, introducing Ψ =
σ2
sν

2
f

gH , an intrinsic parameter of the fuel layer

accounting for the induced flow behaviour (with Re2σs
= 1

ΨCdLAI
Tf−T0

Tf
).

Based on these assumptions, the following dimensionless groups can be
considered to be the most relevant for developing a correlation on pine needle
litter ignition time:

• Bi, a radiative Biot number, depending on the solid material and
experimental conditions [25].

• CdLAI, accounting for both induced momentum and in-depth radia-
tion effects. This is a property of both the solid material and the fuel
layer.

• Ψ, accounting for the induced flow hydrodynamic effects. This is a
property of both the solid material and the fuel layer.

Of course, a FMC dependency should be added in the case of non dried
fuels.

3.3 The relevant dimensionless groups and their physical
meaning

Remarking here that the modification of the ignition process compared to
the classical ignition theory seems mostly due to the in-depth radiation, the
convective heat transfer and the associated induced momentum, CdLAI and
Ψ are likely to be the most relevant dimensionless groups.

Potential limits for the correlation are now drawn thanks to the definition
of CdLAI and Ψ: As previously suggested, CdLAI is responsible for a
transition from pure buoyant flow to a limit flow at CdLAI = 0.5. Moreover,
a transition from a boundary to a mixing layer over vegetation canopies
exists at CdLAI = 0.1 [32], suggesting that a correlation should be fitted
differently for CdLAI < 0.1 (and 0.1 < CdLAI < 0.5). This limit is
close to the one provided by the optical thickness for standard Cd values
(CdLAI = 0.3). Since most fuel layers show CdLAI > 0.5, this remark
concerns very few forest fuel layers.

The role of Ψ might be more difficult to enlighten. Indeed, along with T ∗
b

and CdLAI it defines the particle Reynolds number Reσs . This Reynolds
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number is accounting for the flow transitions in the fuel layer. The three-
dimensional vortex shedding transition occurring at Red > 200 (correspond-
ing to Reσs > 50) can be responsible for a turbulent-like flow transition
through vortex dislocations in the fuel layer [20, 33]. This transition is re-
sponsible for important modifications of the fluxes between the solid particles
and the fluid phase so that the temperature raise leading to ignition is differ-
ent if it occurs before or after this transition. Thus authors propose to distin-
guish ignitions where the flow remains almost always laminar during the ig-
nition process from ignitions where a turbulent-like transition quickly occur.
Since ignition occurs at (Tf −T0)/Tf ∼ 0.5 (considering that Ts, ig ∼ Tf, ig)

[29], the transition Ψ can be defined using Reσs, tig =

√
1

ΨCdLAI
Tig−T0

Tig
pro-

viding (ΨCdLAI)lim = 2 10−4. Therefore two different fittings of the cor-
relation could be expected regarding the value of Ψ. However, the flow
occurring during the ignition process for Ψ just above the limit is still es-
sentially laminar so that the time to ignition is not much affected by the
turbulent transition. Turbulent effects on the time to ignition should then
appear in situations where the limit Reynolds number is quickly reached.
Hence, the latter should be increased of at least one order of magnitude to
correctly estimate the transition. This leads to (ΨCdLAI)lim = 2 10−6.
Since every litters [26] and most shrubs [31] show ΨCdLAI ≥ 2 10−4 and
since every fuel layers show ΨCdLAI ≥ 2 10−6, most fuel layers ignite be-
fore or just after the pseudo-turbulent transition. Therefore, this limit seems
also negligible in most situations.

4 A correlation for the time to ignition

A correlation for time to ignition can now be proposed in the following form:

t∗ig =
tig

tref, p
= F (CdLAI,Ψ, Bi) (17)

4.1 Experimental protocol

The experiments presented in this paper were conducted using a FPA, pre-
sented in Fig. 3. The FPA allows natural convection or forced gas flow rate
through the fuel bed. However this study is focused on natural conditions
therefore experiments were conducted only with natural convection. Specific
sample holders were used for the experiments. They consisted in circular
baskets, made of stainless steel. The studied fuel was dead and not condi-
tioned Pinus Halepensis (PH) and Pinus Strobus (PS) needles. The FMC
has been determined by oven drying samples for 24 hours at 60oC. The fuel
sample FMC ranged between 4.9% and 6.4%. Baskets were filled up to the
top with varying fuel mass load. Experimental results that have been used
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here are from various studies [6, 13, 18], plus some original to this study.
Experiments conducted on Pinus Pinaster [13] (PM for Maritime Pine) at
various mass loads correspond to αs in the range [0.02; 0.08]. Note that
despite many other studies propose experimental ignition time for such ma-
terial, these studies are not considered here to avoid any device dependency
effects. Indeed, as previously explained, emissivity values considered in this
study are related to wood under FPA lamps. Hence, if focused on needles
under a FPA, only few experimental studies exist.

The following experimental conditions were used:

• The basket opening was 0%.

• The mass load was 10 or 15 g with associated αs equal to 3.74% and
5.6% for Pinus Halepensis. The mass load was either 10, 15 or 20 g
with associated αs equal to 4.75%, 7.12% and 9.5% for Pinus Strobus.

• The radiant heat flux varied from 8 to 55 kW/m2.

Ignition time is identified as the time where the sharpest mass loss evo-
lution is observed.

Figure 3: The Fire Propagation Apparatus
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4.2 Fitting of the correlation

A correlation is now fitted on experimental data, considering only experi-
ments with a natural buoyant flow within the fuel layer (i.e. no forced flow
enters the fuel sample). The FMC is here considered small and constant,
hence its dependency is not considered relevant in this study.

Considering a closed basket, a flow and then a convective heat transfer
can hardly develop within the fuel layer so that the ignition time scales as
the particle reference time scales tref, p, showing only small dependencies
on CdLAI and Ψ if the assumption is correct.

Φ,,
0 [kW m−2] 8 12 15 25

Bi [-] 0.029 0.043 0.054 0.089
tig [s] 480 180 83 28

tref, p [s] 842 373 238 85

tref, b [s] 5.53 10−2 5.53 10−2 5.53 10−2 5.53 10−2

Φ,,
0 [kW m−2] 30 40 50

Bi [-] 0.107 0.143 0.179
tig [s] 15.5 10 8

tref, p [s] 60 32 20

tref, b [s] 5.53 10−2 5.53 10−2 5.53 10−2

Table 2: References and ignition times as a function of the incident flux for
Pinus Halepensis litters

Therefore, the mean ratio of the ignition time on the reference particle
time (t∗ig) is calculated for every species and solid fractions. These results
are presented in Table 3, proving that the ignition time scales roughly as an
effusion time with a weak dependency on the fuel layer properties. Thus,
the particle properties seem to drive the ignition process while the fuel layer
properties (such as CdLAI and Ψ) are accounting for an ignition time devi-
ation regarding the effusion time. Other dimensionless groups are negligible
when aiming at developing fire safety application since the discrepancies
seem acceptable taking into account only the CdLAI dependency in the
ignition time correlation.

In the closed basket configuration, Ψ is not expected to be a relevant pa-
rameter as explained earlier. However an increase of the in-depth radiation
might affect the ignition process by increasing the temperature surrounding
the solid particles, thus lowering the radiative and convective heat losses and
then lowering ignition time. A correction for Eq. (1) that takes into account
the in-depth radiation is then suggested introducing a CdLAI dependency:

t∗ig = A(CdLAI)p (18)

with A = 0.52 and p = −0.1. The weak CdLAI dependency exhibited by
Eq. (18) seems to confirm the major role of the solid particles properties in
configurations where no flow can develop within the fuel layer. This fitting
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is presented in Fig. 4, where the results have been re-written in the form of

Fourier numbers with Foig =
λsσ2

s tig
4ρsCps

being the experimental Fourier number

and Foref =
λsσ2

s tref, p
4ρsCps

A(CdLAI)p = π
64Bi2

A(CdLAI)p being the reference
Fourier number. A good agreement is found for Foig ≤ 50 with a mean error
of 7%, demonstrating that the apparent thermally thick behaviour stands
fairly for Foig ≤ 50 corresponding to Bi ≥ 0.08. For Bi ≤ 0.08, other
model [13], based on a thermally thin assumption, should be used. This
experimental result agrees well with the analysis suggested on the theoretical
thermal behaviour limit [12].

Basket PH 0.05 PM 0.02 PM 0.04 PM 0.08 PS 0.07
CdLAI 0.83 0.25 0.50 1.00 1.31

t∗ig 0.66 0.68 0.62 0.51 0.57

Table 3: Mean ratio of ignition and effusion time for every species and solid
fractions

Foref [-]
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o ig
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0 20 40 60 80 100
0

20

40

60

80

100

120

Relation (18)
PH 0.05
PS 0.07
PM 0.02
PM 0.04
PM 0.08

Figure 4: Eq. (18) and 0% basket opening experimental data for different
species and solid fraction
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Concluding remarks

In this study, a dimensional model for the ignition time of dry forest fuel
layer has been developed. This model allows estimating the time to igni-
tion of forest fuel layers when no flow is induced within the fuel layer and
suggests some relevant dimensionless numbers when a natural buoyant flow
can occur. In no induced-flow conditions, Eq. (18) can be used whereas
another correlation that takes into account a CdLAI and a Ψ dependency
should be developed when a flow is forced into the litter. The experimen-
tal comparison also demonstrated an apparent thermally thick behaviour
of the solid particles during ignition process, which is in accordance with
previous studies on that topic. In configurations where no flow can develop
within the fuel layer, the ignition time has been found to depend priorly
on the solid particles properties, scaling as the solid particle effusion time,
with a weak dependency on the in-depth radiation phenomenon, causing a
dependency on the dimensionless group CdLAI. In configurations where a
natural buoyant flow can occur (caused by in-depth radiation and convective
heat transfers), two dimensionless groups, CdLAI and Ψ, have theoretically
appeared to be relevant in the definition of the dimensionless time to igni-
tion. Indeed, CdLAI is responsible for both in-depth radiation and induced
momentum effects and Ψ stands for the hydrodynamic transitions within
the fuel layer, which modify the convective heat transfer.

Several dimensionless numbers that influence the physics of litter igni-
tion have also been enlighten, nevertheless their effect seem to be negligible
when developing ignition time correlation with a typical margin of 10%,
which is acceptable for fire safety application. This simple and surprising
result could be explained the following way: When looking at pine needle
litter ignition problem, its dimensionless configuration space appears to be
mainly extended in the LAI direction. Indeed, relative variation of other
dimensionless groups involved in this problem are practically small, even
when considering numerous pine species and packing ratios, allowing devel-
opment of a simple correlation. However, this result is specific to pine needle
litters, hence the correlation should present other dependencies in order to
be extended to other kind of highly porous media or other litters, such as
leaf litters for instance.
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