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Abstract. This paper is an overview of the physical mechanisms and length scales
governing the propagation of wildfires. One of the objectives is to identify the physical

and mathematical constraints in the modelling of wildfires when using a ‘‘fully’’ physi-
cal approach. The literature highlights two regimes in the propagation of surface fires,
i.e. wind-driven fires and plume-dominated fires, which are governed by radiation and

convective heat transfer, respectively. This division leads to the identification of two
governing length scales: the extinction length characterising the absorption of radia-
tion by vegetation, and the integral turbulent length scale characterising the interac-
tion between wind and canopy. Some numerical results published during the last

decade using a fully physical approach are presented and discussed with a focus on the
models FIRESTAR, FIRELES, FIRETEC and WFDS. Numerical simulations were
compared with experimental data obtained at various scales, from laboratory to field

fires in grassland and in Mediterranean shrubland. Some perspectives are presented
concerning the potential coupling between physical fire models with mesoscale atmo-
spheric models to study the impacts of wildfires at larger scale. Some of the topics on

wildfire physical modelling that need further research are identified in the conclusions.

Keywords: Wildland fire, Physical models

1. Introduction

Many factors have contributed to the increased wildfire hazard in Mediterranean
regions (around the Mediterranean Basin, in the Iberian Peninsula, in southwestern
USA and in Australia). One of the most critical factors was the rapid expansion of
wildland–urban interface (WUI) and the reduction of agricultural activities (pastoral
activity for example) that in the past contributed to landscape management. For
example, in the USA in 2000, WUI covered around 9% of land area and contained
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38% of all housing units [1]. In the context of global warming, one of the most mod-
erate scenarios proposed by the Intergovernmental Panel on Climate Change (IPCC,
B2: durable regional development) predicts, for summer in southern France in 2050,
an average temperature increase of 2.9�C and a decrease of 38% and 15% in rainfall
and groundwater (Météo France, http://climat.meteofrance.com/chgt_climat/accueil
). Whatever the amplitude of global warming, this significant climate modification
will contribute to increased fire hazard in these regions, with the repetition of cata-
strophic fire seasons, as observed in 2003 around the whole Mediterranean Basin, in
2007 in Greece and California, in 2008 in Australia and in 2009 in California [2].

The first paper describing, on physical bases, the mechanisms contributing to the
propagation of surface fires was by Fons [3]. In that paper, he assimilated the prop-
agation of fire as a succession of ignitions of adjacent pieces of fuel layer, playing
successively the role of heat source and heat sink. In 1964, Emmons [4] was the first
to propose a mathematical fire spread model, assuming that the main mechanism of
heat transfer between the flame front and unburned vegetation was due to radiation.
Later, works by Frandsen [5] and Rothermel [6] contributed to the development of
one of the most widely used operational systems: BEHAVE. This model was based
on a simple energy balance between the energy received by unburned fuel located
ahead of the fire front and the energy necessary to sustain fire propagation (heat of
vaporisation + heat of pyrolysis). In assuming that the rate of spread (ROS) of the
fire front was constant, this energy balance equation was written in a reference
frame attached to the fire front. To close the system, the energy flux received by the
solid fuel was calculated as a fraction of the heat of combustion, and the constant of
the model was evaluated empirically based on experimental fires, mainly carried out
in a fire wind tunnel at the Intermountain Fire Science Laboratory (IFSL). Coupled
with a geographical information system (GIS) describing the fuel structure and ter-
rain slope at landscape scale, BEHAVE now constitutes the propagation model
incorporated into the US operational system, FARSITE [7].

This class of model was referred to as empirical by Weber [8] in his review. In
the same paper, he also introduced two other classes of models, namely statistical
models and physical models. More recently, Sullivan provided a very detailed and
interesting review concerning fire spread and fire behaviour models [9–11].

Practical use of semi-empirical models (such as BEHAVE or FARSITE) neces-
sitates the definition of the vegetation structure using a finite set of fuel models
[12]. The relative lack of success of this approach to reproduce correctly the
behaviour of wildfires, especially in very heterogeneous fuel conditions, was very
often attributed to the difficulty in defining an appropriate fuel model. Another
source of uncertainties was also the domain of validity of parameters introduced
to close the model, particularly the coefficient representing the fraction of energy
received by the unburned vegetation in comparison with the energy released by
the fire. This parameter was mainly evaluated empirically, using experimental fires
carried out at small scale in a wind tunnel. In the absence of a real similitude
analysis, extension of these results to large-scale fires is quite hazardous. In partic-
ular circumstances, this model can produce nonacceptable predictions, such as
rate of spread larger than the wind speed [13, 14]. In semi-empirical wildfire
models, the effects of wind and slope upon fire dynamics were treated in a similar
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manner, considering that the main consequences of these external parameters were
to modify the length and the trajectory of the flame, and consequently the radia-
tive heat transfer between the flame and the vegetation. This approach is based on
the assumption that the heat transfer between the flame and the solid fuel was
mainly supported by radiation, which is far from reality, as indicated by Pitt [15]
and Pagni and Peterson [16]. The role played by convective heat transfer, between
the hot gases coming from the burning zone and pushed by the wind flow toward
the vegetation located ahead of the fire front, is completely ignored.

Therefore, to improve knowledge of basic mechanisms governing the behaviour
of wildfires, it appeared necessary to introduce more physics in a new generation
of fire models [14, 17–19]. All these works can partially find their origin in the
very interesting monograph proposed by Grishin [20] but also in other major con-
tributions in this scientific field or more generally in fire modelling produced by
many other authors such as Baum and McGrattan [21], Jones [22], Albini [23] and
many others. This new class of wildfire models can be considered as a conse-
quence of the rapid development, during these last decades, of computational fluid
mechanics (CFD) tools in mechanical engineering, for the modelling of turbulent
and reactive flows. The continual progress observed concerning computational
power, concentrated on a personal computer or a cluster of computers, allowed
simulation of very complex problems such as those encountered in a wildfire, i.e.
degradation by drying and pyrolysis of vegetation, and the multiple interactions
between turbulence and various phenomena such as combustion, drag force result-
ing from the presence of vegetation, radiative heat transfer and many other fac-
tors. This approach also allows the calculation of a huge number of variables
(temperature of gas, temperature of solid fuel particles, heat fluxes received by
convection and radiation by fuel particles, modifications of atmospheric flow
induced by the fire etc.), which constitutes a valuable advantage (compared with
other approaches) to understand in detail the roles played by various (possibly
competing) physical mechanisms in the behaviour of wildfires.

2. Physical Mechanisms and Characteristics Length Scales
Governing the Behaviour of Wildfires

In wildfires, two basic mechanisms contribute to heat transfer between the flame
and the unburned vegetation: radiation coming from soot particles located in the
flame, and convective heat transfer between the hot gases coming from the burn-
ing zone and vegetation located ahead of the fire front [16, 24]. The relative
importance of these two heat transfer mechanisms depends on the competition
between two forces: inertia due to wind flow, and buoyancy resulting from the
density gradient between the hot plume above the fire and ambient air [25, 26].
The balance between these two contributions can be quantified by introducing the
Byram convective number NC, defined as the ratio between the rate of heat
released from the fire and transferred vertically inside the plume versus the power
of the inertial force due to the lateral wind flow [27–29]:
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NC ¼
2gIB

qCPT0 UW �ROSð Þ3
; ð1Þ

where g, q and CP designate the acceleration of gravity, the density and the spe-
cific heat of the gas, and T0 is the ambient temperature, respectively; UW, IB
and ROS are the wind speed velocity, the fire line intensity and the rate of spread
of the surface fire. The fire line intensity, IB (kW/m), representing one of the most
representative parameter of fire severity, can be evaluated using the Byram
formula, as follows:

IB ¼ W � H � ROS; ð2Þ

using the following notation: W for weight of fuel consumed per unit area in
the active flaming zone (kg/m2), H for heat of combustion of solid fuel (kJ/kg)
and ROS for rate of spread (m/s). Taking into account that part of the energy
released by the fire is lost by radiation, the most usual value retained for H is
18,000 kJ/kg.

When NC � 1, the behaviour of the fire is mainly governed by the dynamics of
the thermal plume. In this case the trajectory of flames is nearly vertical and the
convective column is well developed. The fire spread is mainly influenced by the
fire itself and weakly by the wind. During propagation of the fire, one can observe
strong updrafts characterised by rapid growth, followed by strong downdrafts
after air is cooled in the upper part of the atmosphere. This phenomena promotes
rapid descending air flow, which can caused collapse of the plume, with possible
formation of a whirlwind. This fire configuration can promote high potential for
spotting (more or less long-distance transport of burning particles, causing sec-
ondary ignition). This fire regime is referred to in the literature as plume domi-
nated [30], and the heat transfer between the flames and vegetation is mainly
supported by radiation.

When NC � 1, the behaviour of fire is mainly controlled by wind flow. In this
case, the thermal plume and flames are strongly deflected by the wind, and the
variations of rate of spread are nearly linear in wind speed. This regime of fire
propagation is referred to in the literature as wind driven [30], and propagation of
the fire is mainly sustained by convective heat transfer; i.e. the hot gases coming
from the burning zone are pushed by the wind flow, toward unburned fuel.

In considering the physical phenomena that lie at the origin of these two mech-
anisms of heat transfer, i.e. soot particles and the Stefan–Boltzmann rT4 law for
radiation, and local velocity magnitude and gas temperature T for convection, the
second regime of propagation (namely wind-driven flow) is less affected by non-
linear mechanisms. Consequently, it is not surprising that the behaviour of such
fires is more easily predictable, very often exhibiting linear dependence on wind
speed velocity.

Because their behaviour are less predictable, plume-dominated fires are less
studied experimentally. Nevertheless, this regime of fire propagation is also of
great interest, to understand their erratic behaviour which can potentially cause
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injuries to firefighters, during prescribed burning operation or suppression fire
operations [26, 31].

To summarise, two mechanisms contributing to fire behaviour are clearly identi-
fied: wind flow, i.e. atmospheric boundary layer (ABL) flow, and radiative heat
transfer between the flame and vegetation. These two physical phenomena can be
characterised by two length scales: the turbulent integral length scale lT for ABL
and the extinction length dR characterising the penetration of radiative heat trans-
fer inside the vegetation layer.

The roughness layer, representing the part of the ABL located between zero and
three times the height of the canopy (HFuel), is mainly affected by coherent struc-
tures resulting from the shear interaction (Kelvin–Helmholtz instability), induced
by the presence of the vegetation, with the wind flow. Consequently, lT is strongly
correlated with the height of the canopy (lT� HFuel horizontally and lT � HFuel/3
vertically) [32–34]. Analyzing flow characteristics inside and just above the can-
opy, various authors noticed that the flow structure presented more similarities
with a mixing layer than with a classical boundary layer flow. The transition
between these two behaviours can be summarised using a product between two
non-dimensional parameters: the drag coefficient CD and the leaf area index
(LAI), defined as the integration of the leaf area density (LAD ¼ aS rS

2 ) through the
whole canopy height. For CD 9 LAI< 0.1, the effects of drag inside the canopy
are quite small and the turbulent boundary layer structure is maintained; above
this threshold value, the flow changes toward a mixing layer regime [35, 47].

The extinction length scale dR is directly related to two physical characteristics
of the vegetation layer: the surface-area-to-volume ratio rS and the packing ratio
(i.e. the volume fraction occupied by the vegetation) aS (Table 1):

dR ¼
4

aS rS
¼ 2� HFuel

LAI
: ð3Þ

To calculate the radiation intensity field I (W/m2/str) necessary to evaluate the
radiative heat transfer, the following radiation transfer equation (RTE) must be
solved [36]:

daGI
ds
¼ aGra

rT 4

p
� I

� �
þ
X

k

rSaS
4

rT 4
S

p
� I

� �� �
k
; ð4Þ

where the following notations are introduced: gas volume fraction aG, gas + soot
mixture extinction coefficient ra, temperature of the gas T and temperature of

Table 1
Typical values of attenuation length scale for various ecosystems

Fuel Boreal forest Mediterranean pine forest Shrubs Grass Fuel bed

dR (m) 4.75 0.25 0.15 0.15–0.5 0.025
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solid fuel particles TS. The two terms on the right-hand side in Eq. 4, represent
the contributions from the gas and the solid fuel particles (the k-summation is car-
ried out over the whole set of solid fuel families) to the radiative heat transfer.
The same terms (with opposite sign) must appear as source/sink terms in the
energy balance equations for the gas mixture and the solid fuel particles.

To take into account temperature fluctuations due to atmospheric turbulent
flow, the energy balance in the gas phase was treated using an averaging proce-
dure. Using an optically thin fluctuation approximation (OTFA) [36], a term pro-
portional to T 4 appears in the radiative heat transfer term on the right-hand side
of the average energy balance equation. The question is: how to evaluate this non-
linear term correctly? Can we simply use the following approximation: T 4 � T

4
?

To answer this question, let us consider that the probability density function (pdf)
affecting the fluctuation of temperature in the flame can be approximated using
two Dirac distributions [d(T - T1) and d(T - T2)], centred on two temperatures
T1 and T2, respectively, equal to 500 K and 2,000 K [37, 38]:

pdfðT Þ ¼ 0:5 dðT � T1Þ þ 0:5 dðT � T2Þ: ð5Þ

Physically, using this expression we assume that the temperature of the gas oscil-
lates equally between two temperature values T1 and T2. Using this approxima-
tion, it is straightforward to show that the ratio T 4=T

4 � 3, consequently it seems
to be difficult to simulate correctly the radiative heat transfer coming from a fire
when completely ignoring the turbulence/radiation interaction (TRI). Let us now
consider another important subject concerning turbulent combustion modelling,
especially the interaction between flames and turbulence. The large-scale structures
that contain most of the turbulent kinetic energy of the flow have a size (the inte-
gral turbulence length scale) more or less equal to the depth of the vegetation
layer. Assuming a wind velocity flow ranging between 5 and 10 m/s and a turbu-
lence intensity (defined as the ratio between the root-mean-square turbulent veloc-
ity and the average velocity) ranging between 10% and 40%, we can evaluate
roughly the scales of turbulence, as follows [39] (Table 2):

We know that the order of magnitude of the kinetic chemical time sC in a
hydrocarbon flame is around 10-4 s [37, 40], which must be compared with the
turbulence time scale, sT = lT/K

1/2 (�1 s), the ratio between these two quantities
defined the Damköhler number Da = sT/sC (�104). Considering that the slowest

Table 2
Rough estimations of some physical scales characterising the
boundary layer flow above a canopy (grass, shrubs or trees)

Turbulence integral length scale lT (m) 1–10 m

Velocity fluctuation (evaluated from TKE) K1/2 (m/s) 0.5–10 m/s

Turbulent Reynolds number ReT 3 9 104–2 9 106

Kolmogorov micro-length scale g (mm) 0.1–0.5

TKE turbulent kinetic energy.
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phenomena of turbulence mixing and chemistry controls the time evolution of the
combustion process, if fires are characterised by high Damköhler number, this
means that the reaction rate is mainly controlled by the mixing process and very
weakly by the kinetic process [40].

Let us now consider the physical phenomena occurring inside the vegetation
layer and contributing also to the final behaviour of a propagating fire. First, it is
necessary to define the level of detail necessary to describe the fuel complex layer.
Except for some particular situations (homogeneous fuel bed or grassland for
example), real vegetation, at landscape scale, is highly heterogeneous, being com-
posed of various species, each structured by different solid fuel elements (foliage,
twigs, trunk etc.). The question can be formulated as follows: how can one repre-
sent these very complex and heterogeneous structures? A part of the answer can
be found in the physical properties characterising the vegetation and contributing
effectively to the propagation of fires. These parameters are more or less identi-
fied: the fuel moisture content, the surface-area-to-volume ratio, the packing ratio
(volume fraction) and the fuel density. Using this set of physical properties, it is
possible to define classes (or families) of solid fuel particles representing the vari-
ability of fuel elements (foliage, twigs) composing a vegetation layer.

Experimental fires carried out in the laboratory (in dead fuel bed, on a flat ter-
rain, without wind), propagating through homogeneous fuel beds, showed that the
fire residence time (defined as the ratio between fire front depth and rate of
spread: sFire ¼ LFire

ROS) increased sharply when the thickness of the solid fuel particles
exceeded 6 mm (rS < 600 m-1) (Table 3) [41]. Considering that the fire residence
time reflects also the response time characterising each solid fuel elements compos-
ing a fuel complex when submitted to the thermal stress induced by a fire front, it
seems reasonable to consider this value as a threshold for the finest fuel particles
in the vegetation description (i.e. coarser fuel particles do not respond quickly
enough to contribute actively to fire propagation). We can notice that this thresh-
old coincides also with the 1-h fuel class used by foresters [30], corresponding to
the part of the fuel which can reach an equilibrium state with ambient air in less
than 1 h. In the field [42], many experimental observations have confirmed that
the major part of fine fuel (90%) is consumed in the flaming zone and disappears
after the transit of a surface fire.

Under the action of the thermal stress resulting from the heat released by the
fire, the state of the vegetation located just ahead of the fire front exhibited the
following evolution (see also Figure 1):

Table 3
Variations of fire residence time versus surface-area-to-volume ratio
(fire propagating through a dead fuel bed, on a flat terrain, without
wind)

rS (m-1) 600 2000 5000 10000 20000

sFire (s) 125 37 15 7 3
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� If the local temperature exceeds a threshold value equal to 373 K, the foliage
and the twigs dehydrate (step I);

� Between 400 K and 500 K, the dry solid fuel is subjected to a chemical reaction
(pyrolysis) and is transformed into gas products (mainly CO, CO2 and CH4)
and charcoal (step II);

� Above 700 K and under the action of ambient air, the surface of char is oxi-
dized (step III).

To follow the evolution of the vegetation state, a set of solid fuel families repre-
senting the fuel complex were introduced in the model, each characterised using
three mass fractions: water content, dry fuel and charcoal, complemented with a
mass fraction representing residual ash.

3. Physical Modelling of Wildfires

In the rest of the text, we designate as a ‘‘fully’’ physical wildfire model a model
based on the solution of the equations governing the evolution of the coupled sys-
tem formed by the vegetation and the surrounding atmosphere. Models of this
class are all based on a multiphase formulation. Of course, all physical scales can-
not be directly calculated, as some of them (flame depth, Kolmogorov micro scale,
individual fine fuel particles) must be simulated using a physical model. ‘‘Fully’’
physical wildfire models have seen a great development during the last decade.
This approach was initially proposed by different authors [14, 19, 20, 43–46]. All
these works were more or less based on the same basis. In introducing the term
‘‘fully physical model’’, we mean that the model must take into account the action
of the wind flow upon the fire behaviour and also the retro-action of the fire itself
upon the atmospheric flow. Considering this definition, we limited our review to
four models developed from the references cited previously: FIRESTAR [a two-
dimensional (2D) model developed at the University Aix-Marseille, UAM2],
WFDS [a three-dimensional (3D) model developed at the Building and Fire
Research Laboratory, BFRL-NIST], FIRETEC (another 3D model developed at
Los Alamos National Laboratory, LANL) and FIRELES (a 3D model developed
at the University of California Riverside). For these four tools, the evolution of
the state of the coupled system formed by the vegetation and the surrounding
atmosphere was calculated by solving two problems, the first one in the gas phase
and the second one in the set of solid particles representing the vegetation.

Solid Fuel Dry Wood 

Gas products 

Char Ashes(I)
(II) (III)

Figure 1. Mechanisms of thermal degradation of vegetation.
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The problem in the solid phase (vegetation) was formulated assuming that the
vegetation stayed at rest and that the thickness of solid fuel particles was suffi-
ciently small (<6 mm), and consequently that the energy balance equation can be
solved assuming that the solid fuel particles can be considered as thermally thin
(i.e. the temperature distribution inside each solid fuel particles can be considered
as locally homogeneous). Two mechanisms of energy exchange with the gas mix-
ture were introduced on the right-hand side of this equation: convective exchange
between the hot or cold gas and the vegetation, and radiative heat transfer. Con-
cerning the thermal degradation of solid fuel particles, the reaction rates reproduc-
ing the three steps described previously (drying, pyrolysis and surface oxidation)
were evaluated using a Heaviside function for drying or two Arrhenius laws for
pyrolysis and surface oxidation.

The problem in the gas phase was formulated by introducing two levels of aver-
aging. A first one in space was introduced to homogenise the contribution result-
ing from the interaction between the vegetation and the wind flow. One
consequence of this first step is the introduction of additional source/sink terms in
the momentum and turbulence equations representing the average effect resulting
from drag forces induced by the presence of solid fuel particles (foliage, branches,
twigs) composing the vegetation. The second step, of time or space averaging,
constituted the classical TRANS (Eq. 6c) or LES (Eq. 6d) filtering treatment.
Using a mass average procedure (Favre), the continuity, momentum, turbulent (or
sub-grid scale) kinetic energy, energy and chemical species balance equations can
be written as follows:

D�q
Dt
¼
X

a

�M ðSÞa ð6aÞ

D�q~ui

Dt
¼ @ðagrijÞ

@xj
� @

@xj
ðu00j u00i Þ þ �qgi � qCD
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2
~U
�� ��~ui ð6bÞ

D�qK
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@xj

leff

rK

@K
@xj

� �
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� �
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D�q~Ya

Dt
¼ @

@xj
qD
@~Ya

@xj

� �
� @

@xj
ðu00j Y 00a Þ þ Wa þM ðSÞa ; ð6fÞ

using the following notation:
q Bulk density of the gas phase (q = agqg)
ag Volume fraction of the gas phase
aS Volume fraction of the solid phase (vegetation)
ui i-th component of the velocity vector
rS Average value of surface-area-to-volume fraction (SA/V) of solid fuel parti-

cles representing the vegetation aSrS ¼
P
K

aK
S rK

S (a
K
S and rK

S designate, respec-
tively, the volume fraction and the SA/V attached to one family of solid
fuel particles)

rij Stress tensor
gi Acceleration of gravitation
h Enthalpy
qj Heat flux (molecular diffusion and radiation)
Ya Mass fraction of chemical species
T Gas temperature
l Dynamical viscosity
K Turbulent kinetic energy (TKE)

All last terms on the right-hand side of these equations represent the addi-
tional terms coming from the interaction between ambient atmosphere and vege-
tation (gas production due to pyrolysis reaction, drag force, heat transfer by
convective exchange etc.). Concerning the effects of drag force upon the turbu-
lence budget (Eq. 6c and Eq. 6d), the source term (proportional to U3) repre-
sents the production of wake turbulence due to the presence of branches, twigs
and foliage inside the canopy. The sink term (proportional to U 9 K) represents
the rapid dissipation of turbulence by short-circuiting of the Kolmogorov
cascade [47].

Concerning the treatment of turbulence, various approaches were proposed,
from TRANS (FIRESTAR, http://www.eufirestar.org, [25, 26]), multi-scale LES
(FIRETEC, [18] and LES (WFDS, [14, 46], FIRELES, [19, 48]).

Concerning the resolution of the radiation transfer equation (RTE), compara-
ble approaches were used in FIRESTAR, FIRELES and WFDS: discrete ordi-
nate method (FIRESTAR, FIRELES) and finite volume method (WFDS) [36].
The main advantage of this method is that it is well adapted to a large range of
optical thickness, defined as the product of the extinction coefficient with a typi-
cal length scale. As underlined in previous part, fires are subjected to large tem-
perature fluctuations (especially in the gas phase) and consequently turbulence
and radiative heat transfer interact strongly each other. Only FIRESTAR takes
this phenomena into account directly in the energy balance equation and in the
RTE. Assuming that the turbulent optical thickness, defined as the product of
the extinction coefficient in the gas with the integral turbulent length scale
(ra 9 lT), is small, the correlation between the extinction coefficient and the radi-
ation intensity can be neglected (optically thin fluctuation approximation,
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OTFA) and the average radiation transfer equation (RTE) can written as
follows [49]:

daGI
ds
¼ aG

rraT 4

p
� ra I

 !
þ
X

k

rSaS
4

rT 4
S

p
� I

� �� �
k
: ð7Þ

On the right-hand side of Eq. 7, the non-linear term raT 4 can be approximated as
follows (assuming that the pdfs of fluctuating variables are Gaussian, and that
correlations of odd order are identically zero):

raT 4 � raT
4
1þ 6

T 02

T
2
þ T 04

T
4
þ 4

r0aT 0

raT
þ 4

r0aT 03

raT
3

" #
: ð8Þ

Experimental data showed that T 04=T
4 � 6T 02=T

2
, and as a first approximation

the fluctuations of extinction coefficient can be neglected. Using this approxima-
tion, to solve the TRI problem, it is necessary to introduce an additional variable,
representing the variance of the temperature field: T 02 [50, 51]. Because TRI mod-
elling needs to represent phenomena at a relative small scale (formally, the mesh
size d in the vegetation layer must be smaller than the extinction length scale dR),
the radiative heat transfer in WFDS was evaluated in such a manner, i.e. that it
cannot be smaller than a fraction of the heat of combustion heat release rate,
introducing an empirical ratio ranging between 0.2 and 0.4. In FIRETEC, the
radiative heat transfer was treated differently, using a modified diffusion method.
Theoretically the diffusion method (also called the P1-approximation) to solve
RTE is adapted to relatively optically thick medium (i.e. medium characterised by
optical thickness larger than 1). In the region located between the flame and the
top of the unburned vegetation layer, where accurate evaluation of radiation is
crucial, the medium can be considered as quasi-transparent, and in this case the
use of a diffusion model to solve RTE can be completely inappropriate. When
convection constitutes the main heat transfer mechanism controlling the propaga-
tion of fire (wind-driven fire), this failure to calculate the radiative heat transfer
correctly does not have great consequences. When radiative heat transfer can play
an important role in the behaviour of fire (plume-dominated fire, ignition of the
base of a canopy from a surface fire etc.), use of such an approach can be more
problematic. Conscious of this problem, the team in charge of the development of
FIRETEC is implementing a new radiation module, based on a Monte-Carlo
approach [36]. Concerning the TRI in FIRETEC, this was partially taken into
account by multiplying all the contributions of the form T4 (i.e. T 4 � kT

4
) by a

factor k > 1. No particular treatment concerning TRI was reported in FIRELES.
Concerning the chemical problem in the turbulent flame, based on experimental

analysis [20] the composition of pyrolysis products in FIRESTAR and FIRELES was
limited to a CO + CO2 mix, reducing the chemical kinetics in the combustion zone to:

COþ 0:5O2 ! CO2: ð9Þ
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In WFDS, the composition of the pyrolysis was chosen as more complex:

C3:4H6:2O2:5 þ 3:7O2 ! 3:4CO2 þ 3:1H2O: ð10Þ

In all models (FIRESTAR, FIRELES and WFDS), the combustion reaction rate
was calculated using an EDC model, assuming that the turbulent mixing process
constituted the main physical phenomena limiting the reaction rate (see the previ-
ous discussion concerning the Damköhler number) [26, 46, 52, 53].

In FIRETEC, transport of chemical species was not directly calculated. Because
this tool was initially dedicated to simulate wildfires at relative large scale, using a
relatively coarse grid (mesh size not smaller than 1 m), consequently pyrolysis and
combustion phase were assumed to take place at the same location (without trans-
port and mixing phase). This approach consists of reducing the pyrolysis and the
gaseous combustion processes, using a single-step heterogeneous combustion
schema, as follows (written here in mass):

Solid Fuel þ NS O2 ! 1þ NSð ÞProducts; ð11Þ

where NS is the stoichiometric coefficient (mass of oxygen necessary to burn 1 kg
solid fuel).

Consequently the heat release rate (HRR) was directly calculated from the frac-
tion of burning solid fuel, evaluated from the temperature (average + presumed
distribution) in the solid fuel and the average mass fraction of oxygen. Recently a
sub-grid mixture fraction-based thermodynamic equilibrium model was also intro-
duced in FIRETEC for the gas-phase combustion [54].

The formulations of the flow problem used in the four models were not all simi-
lar: FIRESTAR was based on an implicit solver, while FIRETEC, FIRELES and
WFDS were based on explicit solver [certainly to reduce central processing unit
(CPU) time and to simplify code development].

Concerning the density/pressure/velocity coupling, FIRESTAR, FIRELES and
WFDS are both formulated using a low-Mach-number approximation, while
FIRETEC uses a fully compressible formulation. Considering the CFL limitation
attached to explicit formulations, this choice (fully compressible/low Mach) has a
large effect on the numerical efficiency of these models [55]; i.e. for subsonic flow,
a simulation carried out using a fully compressible formulation needs to solve the
problem using a time step significantly smaller than the same simulation per-
formed using a low-Mach-number approximation, the ratio between the two time
steps being approximately equal to the Mach number:

Dt Full compressibleð Þ
Dt Low Machð Þ ¼Mach: ð12Þ

Concerning the representation of real fuel complex (fully heterogeneous vegeta-
tion), FIRESTAR, FIRELES, WFDS and FIRETEC are all able to take into
account the presence of various solid fuel particles types inside the same grid cell,
representing the local variability in size (surface-area-to-volume ratio) and state

448 Fire Technology 2011



(moisture content, density) inside the vegetation layer. This characteristic is partic-
ularly interesting for studying the interaction between dead and living fuel, as
occurs for a fire propagating in a fully heterogeneous fuel complex (such as in
chaparral) or for studying surface-to-crown fire transition in forest fires.

The mesh size D used to represent numerically the physical domain cannot be cho-
sen without taking into account some physical considerations. Keeping in mind than
both the ABL/canopy turbulence and the radiative heat transfer play an important
role in propagation of fires, D must at least satisfy the following constraint:

D < min
HFuel

3
;
2 HFuel

LAI

� �
: ð13Þ

If this criteria cannot always be verified, mainly for CPU time reasons (3D calcu-
lations), it must be compensated by introducing a sub-grid model. This is the case,
for example in WFDS, when the surface fuel cannot be fully represented for large-
scale simulations and is replaced by a ‘‘boundary fuel element’’ option (the energy
balance inside the surface fuel layer is treated separately and the result of this sub-
model is then introduced as source terms in the problem concerning the gaseous
phase). Of course in this case, a part of the physics is lost (here the details of the
flow inside the surface fuel layer are not fully reproduced), but this is certainly the
price to pay for solving such problems in reasonable CPU time.

In Table 4 we have summarised, for the four codes reported herein, the main
physical and numerical properties characterising each of them. Each model has its
own set of characteristics. At this stage it is difficult to compare all these models
directly. Some comparisons have been proposed based on benchmarks carried out
for surface fire propagating through grassland [55], indicating that WFDS is more
efficient in terms of computational time compared with FIRETEC (this result is
certainly due to the low-Mach-number formulation used in WFDS and also to the
very efficient Poisson solver used to calculate the pressure correction). Concerning
accuracy, it is more difficult to determine the more accurate model. Too many
non-linear phenomena (turbulence, combustion, radiation) can contribute to the
final behaviour of fires. This question can only be treated for experimental fires at
small scale, in well-controlled conditions [46, 56].

Table 4
Summary of the main characteristics of four fully physical fire models

Numerical

Low Mach

model Turbulence

TRI

model

Combustion

model

Multi-fuel

model

Low

scale

Large

scale

FIRESTAR 2D implicit Yes TRANS Yes Yes Yes Yes Yes***

WFDS 3D explicit Yes LES Yes* Yes Yes Yes Yes

FIRETEC 3D explicit No LES Yes* No** Yes No Yes

FIRELES 3D explicit Yes LES No Yes No Yes No

* Radiative heat transfer increased empirically.

** Pyrolysis and combustion take place at the same location without a transport phase.

*** With the limitation introduced by the 2D assumption.
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4. Results and Discussion

We now illustrate some capabilities offered by these four codes (FIRESTAR,
FIRELES, WFDS and FIRETEC), to reproduce some physical behaviours of
fires at various scales.

Experimental fires [57] carried out in a wind tunnel at the Intermountain Fire
Science Laboratory, using various homogeneous fuel beds (pine needles, excelsior,
wood sticks), constitute one of the most significant experimental databases to test
physical fire models at small scale. One of the main advantages of using these
experimental data is that the conditions of propagation of fires were well charac-
terised (flow in wind tunnel, composition and state of solid fuel bed), which is far
from the case for outdoor experimental fires. Due to limitations in grid size in
FIRETEC (pyrolysis and combustion took place at the same location), this con-
figuration was only tested using FIRESTAR and WFDS models. In Figure 2 we
can see the results obtained using FIRESTAR. At the top we can see a typical
temperature field obtained for a simulation carried out in a pine needles fuel bed.

Figure 2. Simulation of a surface fire propagating in a pine needles
fuel bed (top), and simulated rate of spread (ROS) versus experimen-
tal ROS (bottom) (FIRESTAR results).
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Even if the wind flow was relatively moderate (UW = 1.34 m/s), the trajectory of
the flame was significantly deviated along the streamwise direction. At the bottom
is presented the rate of spread (ROS) of fires, evaluated from the trajectory of the
isotherm T = 500 K in the solid fuel (representing more or less the position of
the pyrolysis front), versus the ROS measured experimentally. Taking into
account the fact that the behaviour of fires was governed by combined effects of
various non-linear processes (decomposition by pyrolysis of solid fuel, turbulent
flow and mixing process between pyrolysis products and air, radiative heat trans-
fer etc.), we can consider that the agreement between experimental and numerical
predictions concerning ROS is not so bad. Many points were located near the
diagonal axis (representing the ideal case), and the worst results were obtained
with pine sticks, characterised by a surface-area-to-volume ratio of 630 m-1, cor-
responding to the limit of validity of the thermally thin assumption used for solid
fuel to solve the energy balance equation.

Another comparison at small scale was proposed using WFDS, for an experi-
mental fire carried out in a single, tall (�2 m high) Douglas fir at the Building
and Fire Research Laboratory (BFRL-NIST) [46]. The experiments were per-
formed for various fuel (needles) moisture content, ranging from 10% to 50%. As
shown in Figure 3, the dynamics of the two fires (experimental and simulated)
were quite similar. The curves representing the time histories of mass loss rates
and incident radiant heat fluxes (obtained numerically) compared fairly well with
experimental data measured in similar conditions [46] (both in amplitude and in
dynamics), confirming that the agreement between experimental and numerical
results was not only qualitative but also quantitative. Concerning the representa-
tion of fuel, two options were implemented in WFDS: ‘Fuel element model’
including all the interaction terms between ABL and vegetation (this option was
used in the example described previously and in [46], and ‘Boundary fuel element

Figure 3. Experimental fire and simulation (using WFDS) carried out
in a tall Douglas fir (courtesy of W. Mell from BFRL-NIST) [46].
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model’, for which the surface fuel was represented as an homogeneous solid fuel
layer treated in a separate calculation [14]. This simplified description was devel-
oped to facilitate (by reducing constraints on the grid size), the use of WFDS at
very large scale and when most of the active combustion takes place in the gas
phase above the vegetation.

Other experimental configurations have also been tested to compare ‘‘fully’’
physical wildland fire models with real fires; we can reported for example the
works [19, 48], both carried out using FIRELES. The temperature field and the
velocity vectors obtained at a midplane, to simulate the surface-to-crown fire tran-
sition (at small scale), are shown in Figure 4. For this calculation, the fuel com-
plex was composed of shrubs (chamise, fuel moisture content ranged between
36% and 53%) and excelsior on the ground (FMC less than 10%).

As indicated above, pyrolysis and gaseous combustion were assumed to occur
at the same place in FIRETEC; consequently, even if the mesh size can theoreti-
cally be reduced, FIRETEC is not appropriate to simulate fires at small scale.

The experimental campaigns carried out in the Northern Territory in Australia
[58–60] certainly constitute one of the most interesting databases published to
study fires at large scale. These results were widely used by all teams developing
wildfires models on physical bases [14, 26, 31, 61].

These experimental fires were conducted on a flat terrain with quite homoge-
neous vegetation (grass), well characterised physically (height, fuel load, surface-
area-to-volume ratio, fuel moisture content), and the external flow conditions (i.e.
the 2 m or 10 m open wind velocity) were relatively well known. To illustrate
what can be done for this kind of configuration, the temperature field (gas) and
the velocity vectors simulated using FIRESTAR for a 10 m open wind velocity
U10 equal to 3.9 m/s are shown in Figure 5. This result clearly highlights the bar-
rier formed by the plume above the burning zone, separating the flow into two
zones: windward dominated by the inlet wind flow deviated vertically by the

Figure 4. Large-eddy simulation of surface-to-crown fire transition
in shrubs carried out in 3D using FIRELES: temperature field
and velocity vectors (private communication from J. Lozano,
S. Mahalingam and D. Weise).
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plume, leeward mainly affected by the presence of the fire where the streamwise
velocity component can be negative (in-draft flow). We cannot fully exclude the
possibility that such phenomena can be artificially enhanced in 2D simulations,
because of the impossibility for the flow to bypass the flame front. The rate of
spread (ROS) versus the 10 m open wind velocity (U10) is shown in Figure 6. On
the same plot, we also present results obtained using FIRESTAR (in 2D) and

Figure 5. Example of fire simulation (temperature and velocity
vectors) of surface fire propagating in grassland, using FIRESTAR
(U10 = 3.9 m/s).

Figure 6. Rate of spread (ROS) versus 10 m open wind velocity (U10)
obtained in tall grass using FIRESTAR and FIRETEC, compared with
experimental observations [59] and predictions using empirical
operational models BEHAVE [66] and MK5 [62].
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FIRETEC (in 3D); we have also added predictions obtained using two opera-
tional empirical (MKV) and semi-empirical (BEHAVE_PLUS) models [62, 66].
The numerical simulations (FIRESTAR and FIRETEC) were carried out using
exactly the same fuel properties corresponding to tall grass: fuel load 7 t/ha, fuel
depth 0.7 m, SA/V 4000 m-1 and FMC 5%. On the same curve, the symbols rep-
resent observations and measurements carried out on experimental fires and bush-
fires [58]. The simulations performed in 3D were done for two values of initial
head fire width Lign (16 and 100 m) to illustrate the influence of this parameter
upon the ROS. As previously shown experimentally [59], the ROS was signifi-
cantly affected if the head fire width was smaller than 50 m, before reaching an
asymptotic value for Lign > 100–150 m. Because FIRESTAR simulations were
carried out in 2D, in this case the head fire width was assumed to be infinitively
long. The results obtained in 3D using FIRETEC partially reflected this phenom-
ena; however, it seems that the increase of the ROS was less pronounced for
numerical simulations [ROS(100 m)/ROS(16 m) � 1.33] than experimentally
[ROS(100 m)/ROS(16 m) � 2.12]. We can also mention that the same test was
also carried out using WFDS and reported in [14]. In these simulations the spread
rate of head fire was well predicted in the range of wind speeds considered. A
detailed analysis of the spread of the entire fire line was also compared with two
experimental Australian fires, exhibiting reasonably good agreement. We can
notice on this curve the trend followed by empirical models (BEHAVE and MK5)
for relatively strong wind conditions (>10 m/s), systematically (in this case)
under-predicting the ROS compared with values observed in the field [13].

This defect was already underlined in the literature; it is a direct consequence of
the range of experimental data used to calibrate the empirical constants integrated in
these models. For practical and safety reasons, all experimental fires were conducted
at small scale and/or for moderate wind conditions. The defects highlighted by
empirical models were at the origin for the development of a new class of models
based on more physical approach. Of course, the evolution from empirical to ‘‘fully’’
physical models promoted a considerable increase of the level of complexity, exclud-
ing for the moment the application of this new class of models in the same condi-
tions currently used for empirical models. We can consider that the use of ‘‘fully’’
physical models can be reserved to improve knowledge concerning the physics of
fires, to identify and quantity the physical mechanisms of propagation and to study
the impact of fires on potential target (in the wildland–urban interface, for example).

To simulate experimental fires or wildland fires propagating in fully heteroge-
neous fuel layer (such as chaparral), it is necessary to represent in more detail the
structure of the vegetation by introducing a set of solid fuel families for each solid
fuel elements such as foliage, twigs and branches present inside the fuel layer, in
two states (dead and alive). Actually this modelling approach was already done in
FIRELES, WFDS and FIRESTAR (preliminary work was also recently presented
for FIRETEC [63]). Figure 7 presents the temperature field and velocity vectors,
simulated using FIRESTAR, in conditions similar to an experimental fire carried
out in a Mediterranean maquis (the experiment was performed in Galicia, north-
western Spain). To represent the vegetation layer (1.25 m high, mainly composed
of Ulex europaeus and Ulex minor), we used 14 solid fuel families, and the fuel
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moisture content ranged from 108% to 150% (living fuel) and from 10% to 32%
(dead fuel). The slope of the terrain was 5%, and the average open wind speed,
U10, was measured as 5.7 m/s. This snapshot (Figure 7) clearly highlights how
convective heat transfer can contribute to the propagation of the fire, in promot-
ing recirculation of hot gases ahead of the fire front. For this simulation we found
a rate of spread (ROS), evaluated using the trajectory of the isotherm
TS = 500 K (in the solid fuel), equal to 0.248 m/s, compared with ROS =
0.273 m/s observed during the experiment.

Extension of this class of fire model to relatively large-scale configurations,
studying the behaviour and effects of fires upon structures in wildland–urban
interface (WUI), is underway. This issue can be considered as particularly impor-
tant, considering the surfaces concerned and the number of habitation units loca-
ted in the WUI [1]. One of the most advanced tools to study this problem seems
to be WFDS (in fact, all the specific models initially developed for WFDS have
now been implemented in FDS: Fire Dynamics Simulator; http://fire.nist.gov/fds/).
The result shown in Figure 8 illustrates a simulation carried out for a surface fire
propagating through a WUI community. For this calculation, the dimensions of
the domain were 240 m 9 240 m horizontally and 100 m vertically. In addition to
the representation of the fire front, walls and roofs are coloured according to the
potential impact of incident heat flux upon the state of materials constituting
these different elements of habitation units. Upscaling of the physical fire models
to larger domains (8 km 9 8 km) is also in progress (private communication),
potentially including connection between physical fire models at fine scale with
nonhydrostatic, mesoscale atmospheric models (such as WRF).

This new scientific frontier, concerning wildfire modelling, can be considered as
highly strategic, to quantify the emissions of wildfires (green gases, aerosols,
smoke etc.) and their impacts on carbon cycle and global warming, risks to health
and micro-meteorology.

Figure 7. Numerical simulation (FIRESTAR) of a wind-driven fire
propagating in Mediterranean shrubland (maquis).
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To improve upscaling and develop a real-time fire simulator, it is necessary to
apply some compromises concerning the description of the fire, reducing the fire
front as a heat release zone propagating on a GIS surface. As shown in Figure 9,
representing an aerial view of a wildfire, at a certain scale, a fire front can be con-
sidered as a thick line separating the ground surface into two regions: burned and
unburned area. Following this approach, two physical models, coupled with a
nonhydrostatic mesoscale atmospheric models (WRF or MESONH), were recently
proposed [64, 65].

Figure 8. Numerical simulation (WFDS) of a surface fire propagating
through a WUI community (walls and roofs coloured according to fire
safety criteria) (private communication from W.E. Mell).

Figure 9. Aerial view of a wildfire.
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5. Conclusions

During the last decade, ‘‘fully’’ physical approaches to study the behaviour of
wildland fires have seen considerable development. Despite the very complex nat-
ure of physical phenomena involved in ignition, development and propagation of
natural fires (atmospheric turbulence, pyrolysis and combustion reactions, radia-
tive heat transfer etc.), this approach has proved its ability to reproduce many of
these physical phenomena such as: The existence of two basic regimes of propaga-
tion (wind driven and plume dominated) characterising surface fires was clearly
identified and characterised in terms of heat transfer (the role played by radiation
and convection was quantified); The transition of surface fires to ignite a canopy
can also be reproduced; The differences of behaviour between head fire and back-
fire were correctly simulated, along with many other physical phenomena. Consid-
ering very recent works presented on this subject, there is also great interest in use
of this approach to study the behaviour of surface fires propagating through a
WUI, in order to reduce fire hazard and the impacts on communities living in
these urban areas. The emission of wildfires (greenhouse gases, aerosols) will also
be more accurately quantifiable in the future, by coupling ‘‘fully’’ physical models
or simplified physical models with mesoscale atmospheric models.
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