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Heat and Mass Transfer in Fires: Scaling Laws, Ignition of Solid Fuels and

Application to Forest Fires
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Abstract: Fire is a phenomenon that covers a multiplicity of scales depending on the different processes involved. Length
scales range from the nanometres when addressing material flammability to the kilometres when dealing with forest fires,
while time scales cover a broad spectrum too. Heating of structural elements can be measured in hours while characteristic
chemical times for reactions do not exceed the millisecond. Despite these wide ranges, a series of simple scaling laws
seem to describe well a multiplicity of processes associated with fire. In this paper, flaming ignition of a solid fuel will be
presented within the context of general scaling laws and forest fires. Therefore, the case of highly porous vegetable fuels
will be investigated to extend the theory to the forest fires application.
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INTRODUCTION

Scaling analysis for fires has been the subject of numer-
ous papers and reviews. Many subjects have been addressed
in great detail providing a series of scaling laws that are cur-
rently used for many scientific and engineering applications.
Attempts to develop comprehensive sets of non-dimensional
parameters have relied on common techniques such as the
Buckingham Pi theorem to define a series of non-dimensional
parameters. A classic paper that follows this method is that
by Quintiere [1].

Despite the rigorous attempts towards establishing a
comprehensive list of non-dimensional parameters, the de-
velopment of scaling parameters for fire has followed a dif-
ferent path. Scaling and non-dimensional parameters have
been mostly derived based on the particular application. This
has been the case mostly because the different problems as-
sociated to fire cover an extremely wide variety of length
and time scales. Thus, a single set of scaling parameters
seems to be impossible.

The most classic attempts at scaling are associated with
pool fires, entrainment and compartment fires. These are
reviewed to a great depth by Zukoski [2]. The main parame-
ter extracted from Zukoski’s analysis is
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Where QO is the energy release rate issued from the combus-
tion process, p, the ambient density, 7, the ambient tem-

perature, Cp_ the ambient specific heat, g the gravity vector
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and D the diameter or characteristic length scale. Q* repre-
sents the ratio between the energy provided by the combus-
tion reaction and the energy associated with the induced
buoyant flow. It hides within the parameter a number of
characteristic values like the buoyantly induced velocity:

u, =\/gD 2)

And the assumption that the pool diameter is the charac-
teristic length scale of the problem. This choice of length
scale serves to quantify the large scale motion within a fire
but is not a representative scale for the combustion region,
radiation or for turbulence. Thus it can not allow scaling
phenomena such as flickering or radiative heat transfer. A set
of different length scales is presented by Joulain in his re-
view [3].

A different approach to Q* is to make it of order unity
and use it to extract a characteristic length scale
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This length scale “L” can then be successfully used to
scale the flame height and the temperature distribution at the
axis of a pool fire. This does not require the definition of the
length scale, but it implies that motion is purely dominated
by buoyancy. This has been found to be limited when either
fuel injection velocity (jets), geometry (confinement) or
length scale (flow instabilities) introduced other driving
forces to the problem. Delichatsios conducts a detailed ex-
tension to the above method in terms of what he labels as the
Fire Froude number [4]. Where the Froude number does not
follow the classical definition, Fr = u/(gD)l/2 but a more
complex definition linked to the energy release rate. Porous
fuels represent a particular limitation to this approach be-
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cause the characteristic length scale is affected by the nature
of the fuel.

The work on pool fires, entrainment and its effects on
compartment fires has been explored in great detail by many
reviews and is the subject of numerous pages in text books
[5] and handbooks [4], thus will not be the subject of this
paper. Nevertheless this analysis serves well as an introduc-
tion because it explains well many of the issues related to the
scaling of fires. Simple relationships tend to describe well
some basic phenomena, nevertheless as the analysis becomes
more detailed, these simple expressions begin to break down
and different parameters become relevant. In this paper a
problem where the use of scaling is less common will be
addressed: material ignition. The first section will present
material flammability. In Section 2, a general model for
flaming ignition of solid fuel will be presented and applied to
different types of fuels. Scaling of experimental results, ob-
tained at laboratory scale will be also discussed. Then, the
extension of the model to forest fuels will be presented and
the validity of the model will be discussed.

MATERIAL FLAMMABILITY

Proper evaluation of material flammability requires un-
derstanding of the flame structure, the degradation process of
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the material and the interface (boundary condition) between
the two. A simple model for the ignition process based on
previous studies will be used here [6-13]. The following de-
scription and the equations developed in the next section can
be found in [12].

When the material, initially at T,,, is subject to a heat in-
sult (¢ ) the temperature rises and a temperature distribution

function of the location and time is created inside the mate-
rial (T(x,t)). The surface temperature (Ts(0,t)) will increase
but the material will not release any flammable gases (Fig.
1(a)) until a pyrolysis temperature is attained (Tp) (Fig.
1(b)). The time necessary to achieve the pyrolysis tempera-
ture is generally referred as the time to pyrolysis, tp.
Throughout the pre-heating period the fuel concentration in
the gas phase can be considered negligible. The absence of
gas phase fuel does not preclude degradation of the material,
generally, throughout the preheating process, the material
degrades and subsequently its thermal properties change.
Once the pyrolysis temperature is attained the fuel concen-
tration increases until it attains a “lean flammability limit”
(YeL). The time necessary to reach this fuel concentration is
called the “mixing time” or “time to attain a flammable mix-
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Fig. (1). Schematic of the sequence of events leading to ignition and growth of a fire over a combustible surface. Yo, Yr and Yy being the
mass fractions of oxygen, fuel and fuel corresponding to the flammability limit, respectively. The subscript i refers to initial conditions.
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ture” (tp). At this point, the temperature of the gases rises
until a self-sustained exothermic reaction is attained. This
period is called the “induction time” (t;) and can be achieved
by heating of the mixture (auto-ignition) or by means of a
pilot or hot spot (piloted ignition). Piloted ignition is illus-
trated in Fig. 1(c).

It is important to note that after pyrolisis is initiated the
net heat flux to the surface is used entirely for pyrolisis and
no subsequent temperature increase is noted. At this point a
flame might not establish over the surface of the fuel because
the pyrolysis rate remains too small to sustain a flame, this
period is characterized by flashing. The pyrolysis rate will
increase with time increasing the frequency of the flashing
until a flame is fully established. Once a flame is established
the growth process follows. In the presence of a flow (i.e.
HVAC induced flows) spread can be of two types, opposed
(Vos) and co-current (Vcs). Opposed flame spread goes
against the flow and co-current in the direction of the flow
(Fig. 1(d)). The flame enhances the heat feedback to the un-
burned surface increasing its temperature to T,, leading to
the production of flammable gases and resulting in subse-
quent pilot ignitions. For spread, the existing flame can be
considered the pilot. Opposed and co-current spread are
complex phenomena, the former related to leading edge
characteristics and the latter depending on the flame geome-
try and characteristics. The net heat supply to the surface

(q;) is established by the flow structure, the heat generated

"

by the flame (qg ) and radiative losses (q;” " ). A fraction of

this heat is used for fuel pyrolysis (g5 ) and the rest is lost to
the flow, by radiation from the surface to the environment
(q;,,) or through the material by conduction (g, ). Al-
though heat supply is controlled by gas phase dynamics, the

preheating process is controlled by the thermal properties of
the degrading material.
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IGNITION

Based on the above model, and approximate evaluation
of the ignition delay time (tj;) can be done by independent
evaluation of all three characteristic times and their subse-
quent addition
L=t +1, +1, 4)

Under fast chemical kinetic conditions (low gas veloci-
ties and elevated oxygen concentrations), introducing a
strong pilot reduces the induction time (t;) making it negligi-
ble when compared to t, and t,. Also, the period where the
transient evolution of the fuel concentration in the gas phase
increases towards a flammable mixture (t,) has been com-
monly considered short when compared to heating of the
solid fuel sample. Therefore, the fuel and oxidizer mixture
has been normally considered to become flammable almost
immediately after pyrolysis starts. Fig. (2) provides data ob-
tained using black PMMA as fuel that, although shows some

discrepancy, especially for ¢" <20kW / m’, serves to justify

this assumption. Pyrolysis temperatures and times are thus
commonly referred to as ignition temperature (T;,) and igni-
tion delay time (tig) respectively [6,7], and equation (4) sim-
plifies to ti;=t, , and T;, can be defined as T,,.

Under these assumptions the solid heating process is de-
scribed by the energy equation:
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The boundary conditions assume that the heat available
for pyrolysis (also called net heat flux) at the surface is
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Fig. (2). Ignition (t;;) and pyrolysis (t,) delay times for black PMMA in normal gravity. Tests were conducted using the LIFT (ASTM-1321)
and the pyrolysis time was defined as the first observed gases emerging from the surface and visualized by means of a Laser sheet.
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transmitted to solid by conduction. The solid is assumed to
be thermally thick and semi-infinite. The initial temperature
field and the temperature far from the surface are considered
to be equal to the ambient temperature.

The energy balance at the surface of the fuel sample un-
der radiative heating is shown in Fig. (3) and is given by
equation (6).

q;(0.1) =ag! - eo (T*(0.6)- T} )= h(T(O.0)-T,) ~ (6)

Where (g5 ) is the net heat flux at the surface of the solid

fuel sample, (a) is the absorptivity of the solid fuel sample,
(¢) is the emissivity of the solid fuel sample, (o) is the
Stefan-Boltzmann constant, (T(0,t)) is the surface tempera-
ture at time (t), (h.) is the convective heat transfer coeffi-
cient, and (T,) is the ambient temperature.

The classical analysis corresponding to the ignition proc-
ess assumes a linear approximation for the surface re-
radiation [6]. The radiative term is then defined as:

ga(T“ (0,:)-T;) = h (T(0,6)-T,) 7)

This simplification allows an analytical solution of the
one dimensional heat conduction energy equation. Contro-
versy on the effect of this approximation on the analytical
determination of the minimum heat flux necessary to attain
the pyrolysis temperature is still unresolved. For the experi-
ments conducted in [6], the assumption proved to induce
errors lower than 10% in the determination of the surface
temperature of the solid (heat fluxes ranging from 10 to 50
kW / m?). A detailed discussion concerning the influence of
this assumption on the determination of the thermal proper-
ties of diverse materials can be found in [14]. In short, the
author concluded that this assumption leads to over-predict
the ignition delay time for low heat fluxes and to over-
estimate the thermal properties of the materials. However,
the results provide a good estimation of the ignition times for
high heat fluxes and allow establishing a classification of the
ignition properties of materials.

Substituting (7) into (6) and assuming that the total heat
transfer coefficient (hy) is equal to the sum of the convective
heat transfer coefficient (h.) and the radiative heat transfer

aq;

CV
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coefficient (h,), the following expression (8) defines the net
heat flux (¢g;) retained near the surface of the solid fuel

sample.
g1 (0.¢) = ag! = h (T(0,6)-T.) ®)

By non-dimensionalizing all variables in the following
way

X =X where xc=k/hT
X

tnd =

where ¢ =kpC/h’ and

"
.1

q,, =-— where qc”=hT(Tl_g—Tx)/a

"

the following solution is obtained for the evolution of the
temperature in the sample [12]:

TS,nd = q’c’ind [1 - et”f’ erfc(\/a )] (9)

To solve for the ignition time (¢, ) a first order Taylor
ig,n

series expansion of equation (9) is conducted. The range of
validity of this expansion is limited, thus can not be used
over a large range of incident heat fluxes. Consequently, the
domain has to be divided at least in two. The first domain
corresponds to high incident heat fluxes where the ignition

temperature ( Tl.gm , ) 1s attained very fast, 7 — 0. Applica-

ig,nd
tion of the first order Taylor Series Expansion yields:

a 1

ig,nd = ( 0 )2
e,nd

(10)

The second domain corresponds to incident heat fluxes
close to the critical heat flux for ignition (¢, . =1) where
518

h (T(0.t)-T,,)

qs(0,1)

Fig. (3). Energy balance at the surface of the solid fuel sample.
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Fig. (4). Evolution of the surface temperature ( 7, , ) with time (¢ ), comparison between the theoretical predictions and the experimental

values. For ¢ =4 ,an average experimental value of 32 thermocouple histories (thin line) is compared with the theoretical prediction

calculated with 2, =28W /K m’ (thick line). For g, =1.1 , individual thermocouple histories (thin lines) are compared with the theoretical

prediction calculated with h, =28 W /K m’ (thick line).

the ignition temperature (T[.gm ,) 1is attained very slowly,

tig,nd —®.
2
1 1
tignd = o1 (11)
"om\1-1/q,
At g, end ™ 1 the surface will attain the ignition tempera-

ture (7, ) at equilibrium, therefore if 4o < q(;’,[g’n , =1 the
surface will never reach the pyrolysis temperature.

The use of a linearized total heat transfer coefficient has
been questioned in the literature [9] and corrections that in-
corporate the non-linear nature of surface re-radiation have
been proposed [10]. Temperature histories for different ex-
ternal heat fluxes are presented in Fig. (4). By fitting the
theory to the temperature histories a total heat transfer coef-
ficient can be obtained and it can be seen that excellent
agreement is found between theory and experiments for a

wide range of external heat fluxes (¢, =1.1 to ¢, , =4).
The fitting procedure will be detailed in the following for
materials with  unknown thermal properties. For

q" , =4 and average temperature history is presented but

for ¢” , =1.1 individual recordings are shown.

The individual recordings serve to show the difficulty of
acquiring temperature measurements with thermocouples. At
a certain point the thermocouples will separate from the sur-
face, this can occur in a random manner (as shown by Fig.
4). While the thermocouple is attached to the surface the

temperature follows theory well. The material properties
used for PMMA are provided in Table 1 and were obtained
from different sources listed by Hallman [15] and Steinhaus
[16].

For most materials currently used in construction, fur-
nishings and specially those used in aerospace applications,
evaluation of the thermal properties of the material is not
possible. Therefore the above analysis is fit to experimental
evaluation of the ignition delay time (equations (10) and
(11)) and the thermal inertia “kpC” and Ti, can be evaluated.
The fitting procedure consists in: (i) evaluating experimen-

tally the critical flux ¢ ; (ii) fitting the value of hy to obtain

a match between the theory and the experimental tempera-
ture histories as shown in Fig. (4); (iii) to extract Tj, from the

Table 1. Thermal Properties of Black Poly(Methylmeth-
acrylate) as Compiled by Hallman [15] and Stein-
haus [16]. All Properties are Evaluated at an Aver-
age Temperature 0of 373 K

Property
C [J/kgK] 2,020
p [kg/m®] 1,180
k [W/mK] 0.192
a 0.85
Ty [°C] 265
T.[°C] 20
hy [W/m’K] 28
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LIFT PMMA [8]

FIST PMMA [8]
PMMA [24]
Wood [17]

LIFT Wood

1 m/s 27%M [21]
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Fig. (5). Evolution of the ignition delay time with the external heat flux. Comparison of experimental data of the present study with the theo-

retical predictions and data from the literature.

critical heat flux for ignition: ¢” =h(T,-T,)/a;

and (iv) to extract the thermal inertia “kpC” from equations
(10) and (11). The emissivity of the material is introduced
whenever it can be determined but generally it is assumed to
be unity since the materials tend to blacken when exposed to
the external heat flux [15]. A series of materials has been
tested following conventional protocols [6,7]. The data non-
dimensionalized per equations (10) and (11) is presented in
Fig. (5). Table 2 presents the list of materials used and the
properties used when correlating the data.

-1
- qO,ig,nd

Table2. Material Properties from Ignition Tests as Obtained
from the Ignition Delay Times
Material (lejgng)zs (k\(i(;;in 2
LIFT Wood [7] 0.29 16
LIFT Wood 0.17 16
FIST Wood [12] 0.14 16
LIFT black PMMA [7] 2.08 9
LIFT black PMMA 1.40 11
FIST black PMMA [12] 1.24 11
Clear PMMA 0.58 12.5
Delrin 0.59 16
High Density Polyethylene 0.46 15
Nylon 0.13 25
Rigid Polyethylene 0.12 24
PP/Glass Composite 0.91 10
Clear PMMA #2 0.56 13
Westinghouse Glass/Epoxy Laminate 0.52 18

The previous data show that the model can be applied to
a large range of materials. More materials can be found in
[6-13]. However, due to the limitations in the model pre-
sented here above, the applicability of the methodology has
to be tested for each new considered material. This is the
case for the forest fuel presented here after.

Considerations Pertaining to Scaling

When ignition is conducted under conditions that are not
typical of the standard test [6,7] convective heat and mass
transfer is modified due to the characteristics of the envi-
ronment and the length scale of the heated sample. Equation

(4) might no longer be simplified to t, =1, and the effect of

a variation of convective transport needs to be evaluated.
The convective heat transfer coefficient can vary from ap-
proximately 20 kW/m’K to 2 kW/m°K [12] leading to a re-
duction in tyand ¢’ . The reduction of hy will have a decreas-

ing effect on the total ignition delay time as the external heat
flux increases and can be incorporated in the theoretical de-
velopment that leads to equation (10). A perfect example of
an environment where the reduction in convective motion
can result in the breakdown of these assumptions is micro-
gravity. Experimental results reported by Roslon ef al. [17]
show that for PMMA and a polypropylene/glass composite
the ignition delay time decreases significantly (up to 50% in
the some cases). The significant variation of the ignition de-
lay time can be attributed to the combined effect of varying
the time to attain pyrolysis and the mixing time. Under the
assumption that ignition will occur when a flammable mix-
ture is attained (lean flammability limit), a reduction in con-
vective transport implies a reduction in t,. Therefore the
mixing time (t,,) needs to be analyzed and, in the presence of
a strong pilot, equation (1) can be only reduced to

t =t +t .
ig P m
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It was shown by Long ef al. [12] that, under normal grav-
ity conditions, the fuel mass fraction can be obtained by
means of an integral analysis of the boundary layer formed
upstream of the pilot. Thus the fuel mass fraction at the pilot
(Yr) can be defined as:

!

Y =—F (12)

F .1 .1
mF+mO

Where 7, and 7z, are the mass flux of fuel and oxidizer

respectively, integrated over the stream wise coordinate.
Long et al. [12] proposed a model to determine Yy and
showed that ignition occurred at a constant value of the fuel
mass fraction that they labelled the lean flammability limit,
Yr. This interpretation could serve to predict the ignition
delay time in micro-gravity but the uncertainty in the flow
structure during the parabolic flight experiments reported by
Roslon ef al. [17] make this comparison difficult. Long term
micro-gravity experiments will allow a better validation of
theory with experimental results.

AN APPLICATION TO FOREST FIRES

Forest fires are the typical example of the difficulty of
applying scaling and defining laws correctly. Equations (2)
and (3) have been tested for laboratory experiments [18] but
it is difficult to extend the results at the actual scale of forest
fires. The flame characteristics, as well as the temperature
distribution in the fire plume have proved to differ between
the field and the lab [19], due to the different length scales
for vegetation and turbulence.

Vegetation is very different from the usual fuels encoun-
tered in human-developed environments. It is an extremely
porous fuel (2-5% of the volume is occupied by the solid
phase in pine needle litters, 2-5%o in shrub canopies and 0.2-
0.5%o in tree canopies) [20,21]. This live fuel is also in equi-
librium with the ambient and it is changing very quickly with
the external conditions. The most obvious change is moisture
content [22] but Volatile Organic Compound production is
also changing in function of soil, weather conditions and
species [23]. However, the previous analysis for fuel ignition
has been applied to pine needle beds as they are the most
common forest floor fuel in pine forest, which are widely
spread not only in the Mediterranean but also in North-
America and Russia.

Ignition of forest fuels is critical to study wildfire behav-
ior. A classification of ignition times as a function of species
and parameters such as moisture content can lead to the de-
velopment of improved fire risk assessment tools [24]. The
theory developed in this paper has been developed mainly
for solid fuels and its extension to forest fires is very inter-
esting. However, the range of validity of the theory has to be
assessed for vegetable fuels and some hypotheses of the
model seem to be a priori challenged: The fuel matrix is a
multiphase medium mainly constituted by air; the radiative
heat insult is not only present at the surface but is going
through the porous fuel layer; the surface and inner tempera-
tures are not unique in the multiphase medium; convective
transfers can develop inside the fuel layer. However, the aim
of the study is to evaluate if these new conditions change
dramatically the basic premises of the model or if the model
is still valid in a given range of conditions.

The Open Thermodynamics Journal, 2010, Volume 4 151

Experimental Protocol

The experiments presented in this paper were conducted
using the FM-Global Fire Propagation Apparatus (FPA)
[25]. For this study, radiative heat fluxes imposed to the
sample varied between 8-50 kW.m™. The FPA allows natural
convection or forced gas flow rate through the fuel bed. Spe-
cific sample holders were used for the experiments [26]. In-
deed, dead or living vegetable fuels are very porous and flow
can develop inside the fuel layer, acting strongly on the
combustion dynamics. They consisted in circular baskets,
made of stainless steel, with holes on all the surfaces (sides
and bottom), to allow flow to pass through the bed of pine
needles. Three different percentage openings have been test:
0% (one basket lined with aluminium foil), 26%, and 63%.
The studied fuel was dead and not conditioned Pinus
halepensis (Ph) needles. The moisture levels have been de-
termined by oven drying of samples for 24 hours at 60°C.
The percentage of humidity of the fuel samples ranged be-
tween 4.9% and 6.4%. The baskets were filled to the top and
had a constant mass of 15 g, inducing a fuel bed porosity of
95%. The experimental results that have been used are from
[26-28], plus some original to this study.

Results

Fig. (6) displays the ignition times for different heat in-
sults. The curve in Fig. (6) is steeper than the one in Fig. (2),
due to the thermal characteristics of the fuel. Indeed, parti-
cles are thermally thin and they heat up very quickly when
submitted to a heat insult.

However, the results are consistent with Fig. (2), particu-
larly for the 0% baskets. Closed baskets, while preventing a
convective flow to establish in the fuel bed, provide results
similar to solid fuels. The results obtained with 26% and
63% baskets show the same tendency but they are more scat-
tered as natural convection is allowed inside the sample [26].
As the heat insult increases, the scattering becomes less im-
portant and the ignition time becomes very short. In this
case, the results are more difficult to analyze because the
times are very short and there is a competition between two
effects due the porosity of the samples. Firstly, the degrada-
tion gases are diluted by the air coming from the bottom of
the baskets. This effect tends to increase the ignition time.
Secondly, the degradation gases mix with air inside the sam-
ple. This effect tends to provide a flammable mixture next to
the pilot flame earlier in the process, which would result in
decreasing the ignition time.

The main difference between Figs. (2) and (6) is to be
found in pyrolysis times. They are much lower for pine nee-
dles than for solid fuels. Smoke emission was also observed
for ¢ =8kW/ m’®, with no ignition (the critical flux has

found to be ¢"=8.5kW /m’). This behavior can be ex-

plained by different factors: the fuel contains some water
(4.9-6.4% of moisture content for the whole range of ex-
periments) that is released at low temperatures; the needles
are thermally thin and heat up very quickly at the top of the
fuel bed, pyrolysing very quickly but not releasing enough
flammable gases to allow ignition. Given that, no flash igni-

tion was observed for ¢’ =8 kW / m’ and it can be con-

cluded that not enough fuel was being produced to enter the
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Fig. (6). Ignition (tig) and pyrolysis (t,) delay times for pine needles. The pyrolysis time was defined as the first gases visually observed

emerging from the surface.

flammability range. This phenomenon has already been dis-
cussed in the previous sections but for pine needles, the ef-
fect seems to be more important. Indeed, it is enhanced by
the high porosity of the sample (95%) and its low mass, both
contributors to dilution. However, ignition and smoke pro-
duction times for higher heat flux values, that correspond to
the usual conditions of fire spread [29,30], are very short and
very close (see 30 kW / m” in Fig. 6) and they almost overlap.

Fig. (7) displays the evolution of the surface temperature
of the sample for a heat flux close to the critical one. The

parameters of the model are obtained from the 0% basket
data as follows:

* tj, is obtained thanks to equation (10).

* hr is set by fitting the solution to the experimental
temperature curves as described for solid fuels in the
previous section.

¢ kpC and T;, are calculated thanks to equation (11)
and ¢’ = q(;’,,.g’n o =h.(T,,=T,)/ a,respectively.

0.8
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Fig. (7). Evolution of the “surface” temperature ( 7 ) with time (¢ ), comparison between the theoretical predictions and the experimental

values for q({[ﬂ ,=1.06 , individual thermocouple histories (thin lines) are

h, =22W /Km® (thick line).

compared with the theoretical prediction calculated with
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The theoretical curve provides less agreement with ex-
perimental curves than in Fig. (2) as the surface temperature
of the pine needle bed is not well defined. Indeed, in the case
of Fig. (3), the thermocouples are touching the surface of the
PMMA sample while for Fig. (7) the thermocouples are at
the top of a fuel bed, in contact with both pine needles and air.

The increase of temperature at the beginning of the test is
not relevant as it is more representative of the thermocouples
than of the fuel bed. Indeed, the thermal inertia of the ther-
mocouples is higher than the one of the pine needles.

However, for a long time (ignition occurred at 487 s), the
thermocouple is close to being in thermal equilibrium with
the fuel bed and the temperature is more relevant. For high
values of ¢’ ,, the discrepancy is even bigger as ignition is
occurring very quickly and the thermocouples are not able to
track the steep increase of temperature of the fuel.

Table 3 displays the results obtained from the procedure
described here below. The ignition temperature found in
literature for pine needles is between 280-350°C [31]. An
estimation of “kpC” thanks to literature [31,32] provides a
value of 0.09 (kW/m°K)’s. These values are very different
from the values obtained in Table 3, particularly for “kpC”,
even if one considers a correction factor to estimate the ac-
tual values from the effective ones, as done by Mowrer [14].
It should be noticed that the value of the parameters do not
represent the actual physical values but the value of the con-
trol parameters of the system [33]. However, the estimated
parameters should be in the range of the physical parameters.
It is the case for T;, but, for “kpC”, the first estimation has
been done only considering the equivalent conductivity of

The Open Thermodynamics Journal, 2010, Volume 4 153

the fuel bed that is very low because it is constituted by 95%
of air. An estimation of the radiative transfer through the fuel
bed has been done by linearizing it inside the porous medium
[34] and the estimated “kpC” is equal to 0.105 (kW/m’K)’s,
which is a more realistic value.

Fig. (8) presents the evolution of the ignition delay time
with the external heat flux. The closed baskets (0%) display
a good agreement with the theory. This result is almost un-
expected as the assumptions of the model were strongly
challenged (multiphase medium, surface temperature, con-
ductive transfer through the fuel bed and radiative boundary
condition). However, it seems that the prevention of convec-
tive transfer in the fuel samples allows matching the theory.
The results are even better than many others found with solid
fuels. This means that even if the particles are thermally thin,
the bulk properties of the sample induce a behavior equiva-
lent to solid fuels. Indeed, the samples used for this paper are
representative of forest floors and the radiative transfer
through the porous fuel bed behaves like the conductive
transfer through a solid.

Open baskets (26% and 63%) show different behaviors.
Under natural convection, the samples submitted to normal-
ized heat flux up to the value of 4 follow roughly the theory
with more scattering. The reasons of this scattering have
already been discussed for Fig. (6). For high fluxes and 63%
baskets, the theory does not match the experiments. The ex-
perimental results display a change in regime that can be
attributed to an increase in convective transfers. Indeed, the
surface of the samples is heated very quickly and buoyancy
is enhanced. To highlight this change in regime, experimen-

Table3. Estimated Material Properties from Ignition Tests as Obtained from the Ignition Delay Times
. kpC hy T; t. q.
Material s O.ig
[(kW/m’K)’s] [W/m’K] [°C] [s] (KW/m?|
Ph needle bed 0.11 22 412 230 8.5

1 5
|
tig,nd 4 i E/
3 | O 0% .
‘\ / X X 26%
2 =- 63% S—
/é " © 63%, Flow
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Fig. (8). Evolution of the ignition delay time with the external heat flux. Comparison of experimental data with the theoretical predictions

([26-28] and present study).
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tal results for a forced flow and a 63% basket (normalized
heat flux around the value of 3) has been added to the Fig-
ure. The times to ignition are much longer than the ones pre-
dicted by the theory as convection is dramatically increased.

The dilution of the flammable gases is also increased.
This effect has been visually observed thanks to the behavior
of the smoke above the fuel bed before ignition. It was
clearly dragged away from the top of the fuel bed by the
flow.

Considerations Pertaining to Scaling

The comments given in the previous section are still valid
in the case of forest fuels. However, for the highly porous
vegetable fuels, flow and convective transfers inside the fuel
layer are supplementary effects that can have a strong influ-
ence on ignition times.

In the case of forest floors, the scale of the phenomenon
is not much bigger than the one of the experiments used in
this study. As long as convective transfers are low, one can
expect to obtain equivalent results (this could be the case
near the ground under dense forests).

For a dense and low shrub layer, it could be also the case.
However, the porosity is one order of magnitude higher than
for litters and the assumption of a linearized radiation trans-
fer through the layer has to be confirmed.

For high convective transfer, the mixture time t,, has to
be estimated in accordance with the flow. Furthermore,
vegetable live fuels have high moisture contents and a sup-
plementary induction time, due to the dehydration of the
fuel, has to be included. This process in endothermic and
plays also a role on the thermal balance (5).

In the case of crown fires, the problem is even more dif-
ficult as the porosity is two orders of magnitude higher than
in litters. A linearized radiation is most likely a poor assump-
tion [35].

All these effects are less studied in literature than for
usual fire safety problems and dedicated studies have to be
developed for each configuration.

CONCLUSIONS

The process of ignition has been used to define the im-
portance of different scaling parameters. The scaling pa-
rameters put in evidence the different material properties and
non-dimensional groups controlling these processes. Their
limitations have been assessed in the context of different
environmental conditions and available experimental data. It
has been shown that for a broad range of experimental condi-
tions these parameters provide a robust description of the
driving mechanisms, which can be useful for fuel classifica-
tion and for the estimation of ignition times for fuels submit-
ted to high heat fluxes.

The extension to forest fires provides the basis of the
study of risk indexes for fire ignition and fire spread. The
theory provides good results as long as the influence of the
flow inside the fuel layer is negligible on both convective
transfer and pyrolysis gases dilution. In this case, equation
(5) remains valid but the thermal transfer through the fuel
bed is mainly due to radiation and not to conduction. A fur-
ther step in the study of forest fuels, as well as of highly po-

Torero and Simeoni

rous materials, would be to characterize the change in regime
from diffusive (conductive and/or radiative) to convective
transfer and to develop a model which would be able to take
into account this change.
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