Fire Safety Journal 79 (2016) 44–56

Contents lists available at ScienceDirect

Fire Safety Journal
journal homepage: www.elsevier.com/locate/firesaf

Numerical simulation of surface forest ﬁre in Brazilian Amazon
Paulo Bufacchi a,n, Guenther C. Krieger a, William Mell b, Ernesto Alvarado c,
José Carlos Santos d, João Andrade Carvalho Jr.e
a

Department of Mechanical Engineering, Escola Politécnica da Universidade de São Paulo, Cidade Universitária, São Paulo, SP, Brazil
U.S. Forest Service Paciﬁc Northwest Research Station, Paciﬁc Wildland Fire Sciences Lab, Seattle, WA, USA
c
Paciﬁc Wildland Fire Sciences Laboratory, School of Forest Resources, University of Washington, Seattle, WA, USA
d
Instituto Nacional de Pesquisas Espaciais-INPE, Cachoeira Paulista, SP, Brazil
e
Universidade Estadual Paulista – UNESP, Guaratinguetá, SP, Brazil
b

art ic l e i nf o

a b s t r a c t

Article history:
Received 24 October 2014
Received in revised form
12 October 2015
Accepted 29 November 2015
Available online 8 December 2015

This paper investigates ﬁre spread through surface fuels of the Brazilian Amazon by using a three-dimensional, fully transient, physics-based computer simulation approach. Computer simulations are obtained through the solution to governing equations of ﬂuid dynamics, combustion, heat transfer and
thermal degradation of the vegetative fuel. Surface fuel ﬁres composed mostly of dead leaves and twigs
were numerically simulated and the calculated rate of spread was compared to ﬁndings from ﬁeld observations. The importance of air humidity, vegetation temperature, moisture content, surface to volume
ratio and bulk density was evaluated through the variation of each one individually in numerical simulation runs. Conclusions show that in the range of parameter variation considered, the most important parameters are the vegetation moisture, surface area to volume ratio, and bulk density. The
vegetation initial temperature and air humidity, in the range of variation studied, did not inﬂuence the
ﬁre rate of spread. The numerical simulations also showed that the radiation process is very important
and directly affects the ﬁre rate of spread. Convection is less important because of the absence of external
wind. The model is able to capture the main effects of a surface forest ﬁre typical of the Amazon, and can
be used as a numerical tool for studying such ﬁres.
& 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
Many ﬁeld and laboratory experiments and numerical simulations for the prediction of the rate of spread (ROS) of wildland ﬁres
have been run worldwide. These efforts, however, concentrate on
ecosystems that are very different from those found in the Amazon. The closest ﬁre systems studied were Mediterranean shrubs
and grasslands, which have been experimentally studied by Santoni et al. [1] and Morandini et al. [2] and numerically by Morvan
and Dupuy [3], Mell et al. [4] and Morvan et al. [5]. Numerically,
the model ranged from simple geometrical models [6] to very
complex ones [7–9]. A review of the literature showed an almost
total absence of ﬁeld and laboratory data on surface ﬁre propagation in the Brazilian Amazon. As for numerical simulations, the
subject has never been addressed.
It is very difﬁcult, if not prohibitive, to study forest ﬁres in
large-scale repeatable ﬁeld experiments, because of cost and
n
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safety implications and the adverse effects on local vegetation. In
order to better understand the combustion processes that occur in
forest ﬁres, it is important to know the characteristics of vegetative
fuels, speciﬁcally their chemical composition. This is a challenging
problem in itself. Because of the wide variety of plant species and
the difference in their chemical composition, average values are
used to generically describe the vegetative material.
Excluding burns in already deforested areas, the most important ﬁre in the Amazon ecosystem is surface ﬁre, which is
characterized by the burning of dead and undergrowth vegetation,
such as herbs, layer of leaves and branches. These ﬁres do not
cause signiﬁcant damage to large trees, but are extremely harmful
to young plants and lower vegetation, mainly for forest regeneration [10].
Burning of tropical evergreen rainforests alters forest composition and structure. Common tree species suffer the greatest total
mortality. Even 15 years after burning, forests show no evidence of
regaining lost species. Prospects for species recovery are diminished because surface ﬁres reduce seed availability by 85% in the
litter layer and 60% in the upper 1.5 cm of soil, while ﬂowering and
fruiting of trees in and near burned forests also decreases. Recurrent ﬁres rapidly reduce the size and density of surviving
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unburned forest fragments and kill regenerating vegetation, further depleting the prospects for recovery of mature forest species.
Fires in tropical forests frequently occur in surface fuels, so understanding the characteristics and compositions of litter systems
will be essential for predicting burning characteristics. Litter arrangement, loading, moisture content, type and composition are
all important modiﬁers of ﬁre behavior. Furthermore, litter from
different species has large variations in energy values and
ﬂammability. Therefore, the phytosociological mix of litter-generating species can inﬂuence the ﬂammability, sustainability,
spread and heat-release characteristics of ﬁres. The majority of
tropical ﬁres, however, are neither fast-spreading nor intense.
They are severe nevertheless because the impact to the forest is
quite large. Fires in tropical rainforests range from easily-extinguished litter ﬁres to nearly impossible-to-extinguish ground
ﬁres. In recurrent wildﬁres, average ﬁre intensities are ten times
greater (30 versus 307 kW m  1) and can spread twice as fast (0.25
versus 0.52 m min  1). Closed-canopy forests are protected from
the wind, and ﬁre intensities and spread rates in such forests are
also kept low by the high moisture content of fuels. However, even
at low intensities, slow-moving ﬁres are severe because of the
mortality caused by the long ﬁre-contact times and the resultant
heat transfer at the base of trees [11].
The objective of this work is the prediction of a surface ﬁre rate
of spread in the Brazilian Amazon ecosystem and the determination of the most important parameters affecting the ﬁre rate of
spread. For the numerical simulation, we have used the physicsbased model WFDS (Wildland-Urban Fire Dynamics Simulator),
which is based on conservation equations governing ﬂuid mechanics, combustion and heat transfer.

2. Field observations
Simulated rates of spread were compared to ﬁeld surface ﬁre
observations in the States of Acre and Mato Grosso in the Brazilian
Amazon (Fig. 1).
Field observations are not part of this work, but a brief
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description is made in this section for reference because their
results are used for comparison with the numerical simulations
presented in this paper.
Crude by design ﬁeld observations were conducted in the cities
of Cruzeiro do Sul (State of Acre) and Alta Floresta (State of Mato
Grosso). These ﬁeld observations were conducted by a team that
performs similar observations regularly in the same region. These
two ﬁeld observations were not designed to fulﬁll the comparison
needs with the numerical model (WFDS), but they are useful in
that they provide a ﬁrst comparison for WFDS results.
In Cruzeiro do Sul, a set of ﬁeld observations was carried out
near the ﬁre site where a research group performed Amazon deforestation ﬁre studies. The litter material in the adjacent area of
the main burning experiment was collected and transported to a
nearby farm. In this farm, the litter was spread in a grass ﬁeld for
drying. In a nearby location, the soil was cleaned and worked for
parallelism and ﬂatness. A set of small iron sticks marked a central
point and a 1.5 m circumference around it. Litter was then collected, weighted and spread inside the marked circumference.
Then litter load, humidity, and temperature were all measured
prior to ignition. Wind speed and condensed phase temperature
were also measured prior to ﬁre propagation. Temperature was
checked by an infrared measurement system and humidity by a
Thermo-Technik device. Wind speed was measured by an anemometer, and its direction determined. Ignition took place in the
center of the circumference by means of small amount of ethanol
poured inside a 10 cm round area.
In each of the observation areas in the Alta Floresta site, a
50  50 cm2 area was selected to quantify the corresponding litter
biomass. The material was weighed with a spring scale. The depth
of the litter layer was determined with a steel ruler. Litter moisture
content was determined in the laboratory by collecting biomass
samples in the 50  50 cm2 area and letting them dry at 85 °C until
no weight loss was observed. Air temperature and humidity were
determined with a speciﬁc sensor (portable Vaisala Humicap). Air
wind speed was not measured, but it is judged to be negligible,
since no leaves movement was observed. Other ﬁeld wind measurements conducted inside the forest conﬁrmed this assumption

Fig. 1. Location of ﬁeld observations. Site A is located in the city of Cruzeiro do Sul in the State of Acre, while site B is located in the city of Alta Floresta in the State of Mato
Grosso.
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Table 1
Input values for the numerical simulation from ﬁeld observations in the States of Acre (AC) and Mato Grosso (MT) litter.
Simulation for
ﬁeld observation
#1-AC

Simulation for
ﬁeld observation
#4-AC

Simulation for
ﬁeld observation
#6-AC

Simulation for
ﬁeld observation
#8-AC

Simulation for
ﬁeld observation
#1-MT

Simulation for
ﬁeld observation
#3-MT

Simulation for
ﬁeld observation
#4-MT

∆hc ( kJkg−1)

17,700

17,700

17,700

17,700

17,700

17,700

17,700

χs
T (°C)
Humidity (%)

0.35
0.01
33.7
47.0

0.35
0.01
30.3
51.0

0.35
0.01
32.0
60.0

0.35
0.01
27.0
60.0

0.35
0.01
34.1
27.0

0.35
0.01
30.0
34.5

0.35
0.01
30.9
36.0

4,000
0.10
11.9

4000
0.15
13.4

4000
0.19
12.6

4000
0.18
11.0

4000
0.31
9.2

4000
0.28
11.9

4000
0.38
9.0

Symbol

Gas phase

Solid phase
σ (m  1)
χ residue

r = r0 exp (Eg/2kB T )
(kg m  3)

cp,v ( kJkg−1K−1)
ρe (kg m  3)
ρbv (kg m  3)
Ts (°C)
M (%)
Litter depth (m)

¼ 0.1þ 0.0037 Ts

¼ 0.1þ 0.0037 Ts

¼0.1þ0.0037 Ts

¼ 0.1 þ0.0037 Ts

¼ 0.1þ 0.0037 Ts

¼0.1þ 0.0037 Ts

¼ 0.1 þ0.0037 Ts

650
13.18
33.7
10.0
0.12

650
15.70
30.3
22.0
0.12

650
15.49
32.0
13.0
0.09

650
13.44
27.0
16.0
0.06

650
13.34
34.1
14.4
0.05

650
16.45
30.0
13.9
0.05

650
14.49
30.9
16.4
0.05

[12].

3. Overview of the numerical model
The numerical approach used is WFDS (version 6.0 rev. 9977;
[13]), which is an extension of the capabilities of FDS (Fire Dynamics Simulator) to model outdoor ﬁre spread and smoke
transport problems that include vegetative and structural fuels
and complex terrain [9]. WFDS is developed by the U.S. Forest
Service in collaboration with the National Institute of Standards
and Technology (NIST), also in the United States. FDS is a structure
(buildings) ﬁre behavior model developed by NIST (www.nist.gov)
in cooperation with VTT Technical Research Center of Finland,
industry and academics. The methods of computational ﬂuid dynamics (CFD) are used to solve the three-dimensional time-dependent equations governing ﬂuid motion, turbulent combustion,
and heat transfer. The numerical model is based on the large-eddy
simulation (LES) approach and provides a time-dependent, coarsegrained, numerical solution to the governing transport equations
for mass, momentum, and energy.
The effect of thermal expansion because of chemical reaction
and heat and mass transfer enters the computation through an
elliptic constraint, derived using the energy equation, on the velocity ﬁeld. The local mean temperature is then obtained via the
ideal gas equation of state. Dissipation of kinetic energy is
achieved through a simple closure for the turbulent stress: the
constant coefﬁcient Deardorff model [14]. The turbulent transport
of heat and mass is accounted for by use of constant turbulent
Prandtl and Schmidt numbers, respectively. The subgrid heterogeneity of species concentrations and temperature is treated in
conjunction with the reaction, heat transfer, and radiation intensity models. The continuity equation is solved together with
the Stokes form of the momentum equations on a structured
Cartesian staggered grid. The spatial discretizations are secondorder accurate for uniform grids. Species mass equations are advanced using a modiﬁed version of MacCormack's predictor–corrector scheme [15] and the momentum equations are advanced
using a two-stage projection scheme based on the explicit modiﬁed Euler method. Turbulent combustion for the gaseous phase is
modeled based on the Eddy Dissipation Concept (EDC) model of
Magnussen and Hjertager [16]. The condensed phase model is

assumed to be composed of ﬁxed, thermally thin (temperature can
be assumed to be uniform throughout the fuel element), optically
black, fuel elements. More than one type of thermally thin element can be represented. The thermally thin assumption is commonly used in ﬁre spread models involving ﬁne wildland fuels,
such as grass and foliage of shrubs and trees [17]. Both convective
and radiative heat transfer between the gas phase and the vegetation are accounted for, as is the drag of the vegetation on the
airﬂow. In general, as the temperature of a vegetative fuel increases, ﬁrst moisture content is removed, followed by pyrolysisthe generation of fuel vapors. In the modeling approach used here,
the temperature equation for the fuel bed is solved with a twostage process: endothermic water evaporation and vegetation
pyrolysis.

4. Simulation inputs
Computer simulations for ﬁeld burn observations in the States
of Acre and Mato Grosso were conducted. Validation checks of the
numerical simulation were made by comparing time histories of
the predicted and measured ROS. ROS is an important ﬁre variable.
It is the result of the coupled processes of heat generated by gasphase combustion, convective and radiative heat transfer to the
vegetation, heat transfer within the fuel bed, and the resulting
thermal degradation of the vegetation, which supplies fuel to
sustain the combustion process.
The numerical model requires a number of thermo-physical
properties for the gas phase and the vegetative fuel, as listed in
Table 1 and described as follows.
(1) Density: A value of ρe =650kgm−3 was used for the fuel element
density, which corresponds to a fresh jackfruit leaf as measured by Jayalakshmy and Philip [18]. The jackfruit genus
belongs to the Moraceae botanical family, which comprises 75
genera and 1550 species, most of them found in tropical
regions. In Brazil, there are 28 genera and 340 species.
(2) Initial temperature: The initial temperature of the litter is indicated in Table 1.
(3) Moisture content: The moisture content, M, determined on a
dry basis, is given as a percentage
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M=

(2)

(3)
(4)

(5)

(6)

(7)

(8)

(9)

me,wet − me,v
× 100%
me,v

(1)

where me,wet is the measured mass of the virgin vegetation
and me,v is the mass of the dried virgin vegetation; the subscript e denotes a vegetative fuel element of a given type.
Moisture content values are shown in Table 1.
Residue fraction: Residue fraction values are presented in Table 1 and were calculated according to the equation
m
, where me,residue is the mass of residue (leaves
χresidue = e,residue
me,v
char and unburned twigs) for the fuel element e.
Speciﬁc heat: The relation for the speciﬁc heat of dry virgin
vegetation is as coded in WFDS and shown in Table 1.
Surface-to-volume ratio: The surface to volume ratio is
4000 m  1 that considers in average a leaf length of 125 mm,
width of 80 mm and thickness of 0.5 mm.
Heat of combustion: ∆hc=17, 700 kJ kg−1 is the heat released
per kg of gaseous fuel and not per kg of vegetative fuel. It was
used the value reported by Mell et al. [9], as the heat of
combustion does not vary enough to be signiﬁcant in the
numerical evaluation of the ﬁre [19].
Geometry: The computer model represents the litter as a
rectangular volume. The litter depth varies as shown in
Table 1.
Bulk density: The model equations require the bulk density of
the dry (zero moisture) thermally thin vegetation. An estimate
for the bulk density of the dry thermally thin vegetation can
be obtained from the experimentally measured loss of dry
mass
∆mdry , and an estimated volume of the litter,
ρ bv=∆mdry /Vlitter . In all cases, the vegetation is assumed to be
distributed uniformly throughout the rectangular volume so
that the bulk density is spatially independent. The litter bulk
density varies depending on the ﬁeld location, as reported on
Table 1.
Packing ratio: The packing ratio β = ρ bv /ρe is an important
parameter in the drag and convective and radiative heat
transfer. Its value depends on the bulk density, ρ bv , and the
fuel element density, ρe .
Radiative fraction: The radiative fraction, χr , is a useful quantity in ﬁre science. It is the nominal fraction of the combustion
energy that is emitted as thermal radiation. For most combustibles, χr is between 0.3 and 0.4 [20].

Any numerical simulation of ﬂuid mechanics must verify
whether the results are mesh independent. The process of discretizing the transport equations generates errors that are proportional to the size of the mesh cell. In addition, in ﬁre simulations the literature [8,20] recommends the evaluation of two
parameters that guide the mesh size.
A parameter used for simulations involving pool ﬁres (similar
in characteristics to the early stages of the ﬁre studied in this
paper), which is a measure of how well the ﬂow ﬁeld is resolved, is
given by the non-dimensional relation D*/δx , where D* is the
characteristic diameter of the ﬁre
2

⎛
⎞5
Q
⎟
D*=⎜
ρ
c
T
g
⎝ ∞ p ∞
⎠

(2)

The smaller the characteristic ﬁre diameter, the smaller the size
of the cells in order to properly resolve the ﬂuid ﬂow and the
dynamics of the ﬁre. The parameter δx is the nominal size of a
mesh cell. The value of D*/δx ranges from 4 (coarse meshes) to 16
(ﬁne meshes) [20]. The quantity Q̇ is the rate of heat release of the
ﬁre. The average value of the heat release rate was used in this
paper to determine the characteristic ﬁre diameter value. The
surface ﬁre behaves like a pool ﬁre up to a distance of approximately 40 cm from the ﬁre ignition location. Even though an
average value is used for the rate of heat release of the ﬁre, this
does not compromise the numerical simulation outcomes, as a
mesh sensitivity analysis is performed and this ultimately guarantees that the results are mesh independent. The quantity D*/δx
can be thought of as the number of computational cells that span
the characteristic ﬁre diameter. The accuracy of the calculation
increases with the number of cells. It is useful to assess the quality
of the mesh in terms of this dimensionless parameter instead of an
absolute cell size. For example, a cell size of 10 cm may be suitable
for evaluating the spread of smoke throughout a ﬁre of considerable size, but may not be suitable for studying a small ﬁre. Table 2
shows the values for the cell sizes in each simulation according to
the expression for D*.
The second parameter deﬁnes how small the mesh cell needs
to be in order to resolve the combustion zone and heat transfer
gradients. Morvan and Dupuy [8] use a rule based on optical
length. This empirical rule provides a length scale representative
of the heat transfer by radiation to determine the number of cells
that represents the vegetation and is given by

5. Results and discussion

δ r=
The sensitivity of the model predictions for the rate of spread
on grid resolution was tested. The computational domain size was
1 m  1 m  0.5 m in xyz directions with z vertical (see Fig. 2). As
the ﬂame height in the ﬁeld observations was around 0.3 m, the
domain height of 0.5 m was found to be enough to represent well
all the processes involved.
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4
βσe

(3)

where δr is the optical length. It was considered that to properly
represent the processes involved with the vegetation, at least
three cells must be within the above-deﬁned optical length. Table 3 shows the optical length for each simulation and the maximum size of the cell (equivalent to one third of the optical length).

Fig. 2. Surface ﬁre observation in the State of Mato Grosso, showing the ﬁre propagation in its early stages (left). WFDS simulation of the surface ﬁre (right).
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Table 2
Evaluation of mesh size in terms of D* for the ﬁeld observations of Cruzeiro do Sul
(AC) and Alta Floresta (MT).
Field observation # Coarse mesh
(cm)
1
4
6
8
1
3
4

–
–
–
–
–
–
–

AC
AC
AC
AC
MT
MT
MT

8.62
6.57
7.30
4.70
6.39
7.10
6.03

Moderate mesh (cm) Fine mesh
(cm)
3.45
2.63
2.92
1.88
2.56
2.84
2.41

2.15
1.64
1.82
1.17
1.60
1.78
1.51

Table 3
Optical length and maximum cell size for the simulations of the ﬁeld observations
of Cruzeiro do Sul (AC) and Alta Floresta (MT).
Field observation #
1
4
6
8
1
3
4

–
–
–
–
–
–
–

AC
AC
AC
AC
MT
MT
MT

Optical length (cm)

Maximum cell size (cm)

4.9
4.1
4.2
4.8
4.9
4.0
4.5

1.6
1.4
1.4
1.6
1.6
1.3
1.5

Fig. 3. Mass loss time history curves for each of the three ﬁeld observations of Alta
Floresta (MT).

Table 4
Mesh sensitivity study for ﬁeld observations #1 and #3 of Alta Floresta (MT).
Field observation # Cell size – xyz (cm)

1
1
1
1
3
3
3

2.5  2.5  2.5
1.25  1.25  1.25
1.0  1.0  1.0
0.625  0.625  0.625
2.5  2.5  2.5
1.25  1.25  1.25
0.625  0.625  0.625

Difference in ROS from ﬁnest
mesh resolution (%)
þ 71
0
0
Finest mesh
þ 75
0
Finest mesh

As a next step, the mesh independence is assessed. Mesh sensitivity study is the most important assessment to be done, and it
was performed for ﬁeld observations #1 and #3 of Mato Grosso
(Table 4). As can be seen, ROS does not vary for cell sizes of 1.25 cm
and smaller. Furthermore, cell size of 1.25 cm is in accordance with
data in Tables 2 and 3. Thus, considering the three above criteria
and the litter depth, the cell size of the computational mesh used
for the simulations of the ﬁeld observations of Alta Floresta (MT) is
1.25 cm and for Cruzeiro do Sul (AC) it is 1.00 cm.
Simulations for the ﬁeld observations of Alta Floresta (MT) and
Cruzeiro do Sul (AC) were performed to verify how well the model
can predict the ﬁeld observation ROS and are presented next.
5.1. Simulation of the ﬁeld observations of Alta Floresta (MT)
A simulated mass loss time history for the entire vegetation in
the domain is shown in Fig. 3. Time histories of the predicted radiant and convective heat ﬂuxes in a grid cell located along the
litter's surface 35 cm from its center are shown in Figs. 4 and 5
respectively.
The initial dry mass, ﬁnal mass and percentage of ﬁnal mass to
the initial dry mass are as shown in Table 5. The ratio of ﬁnal mass
to initial dry mass represents the total initial dry mass that was not
burned in the simulation after 180 s. The mass loss curve simulated for ﬁeld observation #4 has a slightly different shape when
compared to simulations of ﬁeld observations #1 and #3, because
of the fact that there is comparatively greater dry mass that has

Fig. 4. Time history curves of the predicted radiant heat ﬂux in a grid cell located
along the litter's surface 0.35 m from the center of the surface ﬁre for each of the
three ﬁeld observations of Alta Floresta (MT).

not been burned after 180 s. This indicates that ROS calculated by
numerical simulation for this ﬁeld observation is smaller than the
others, as can be seen in Table 6. In these ﬁeld observations, ROS
was taken in four different directions and its minimum and
maximum values are shown in Table 6.
It can be seen from Figs. 4 and 5 that radiation heat ﬂux is
dominant over convection heat ﬂux. After studying other systems,
Silvani and Morandini [21] came to the same conclusion. For up to
about half of the vegetation moisture content evaporation process
in the three cases examined, the net heat ﬂux by radiation is the
only method available for heating the fuel element. For the three
cases examined, it is observed that the fuel element under analysis
provides net energy by convection to the gaseous medium before
it starts receiving this type of energy.
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Fig. 5. Time history curves of the predicted convective heat ﬂux in a grid cell located along the litter's surface 0.35 m from the center of the surface ﬁre for each of
the three ﬁeld observations of Alta Floresta (MT).
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Fig. 6. Mass loss time history curves for each of the four ﬁeld observations of
Cruzeiro do Sul (AC).

Table 5
Values of the initial dry mass, ﬁnal mass and ratio of ﬁnal mass to initial dry mass of
Alta Floresta (MT).
Field observation
#

Litter
height (m)

Initial dry
mass (kg)

Final
mass (kg)

Ratio of ﬁnal mass
to initial dry mass
(%)

1
3
4

0.05
0.05
0.05

0.30
0.37
0.33

0.02
0.03
0.09

6.7
8.1
27.3

Table 6
ROS values for the ﬁeld observations of Alta Floresta (MT).
Field observation
#

Field measured
ROS-min
(m min  1)

Field measured
ROS-max
(m min  1)

Simulated ROS
(m min  1)

1
3
4

0.17
0.24
0.19

0.28
0.44
0.30

0.21
0.20
0.18

5.2. Simulation of the ﬁeld observations of Cruzeiro do Sul (AC)
It is shown in Fig. 6 the simulated mass loss time history for the
entire vegetation in the domain. For the grid cell located along the
litter's surface 35 cm from its center, it is shown in Figs. 7 and 8
respectively the time histories of the predicted radiant and convective heat ﬂuxes in a.
In Table 7 it is shown the initial dry mass, ﬁnal mass and percentage of ﬁnal mass to the initial dry mass. The simulated mass
loss curve for ﬁeld observations #4 and #8 shows that there is,
compared with ﬁeld observations #1 and #6, a higher dry mass
that has not been burned after 180 s. The ﬁnal masses of numerical
simulations for ﬁeld observations #1 and #6 are very small, and it
can be considered that the vegetation total mass in each case was
completely consumed. Measurements in the ﬁeld and simulated
ROS are as shown in Table 8.
It can be seen from Figs. 7 and 8 that radiation heat ﬂux is
dominant over convection heat ﬂux. For the numerical simulations
of ﬁeld observations #4 and #8, the energy from convection is not
available for the fuel element under consideration during moisture

Fig. 7. Time history curves of the predicted radiant heat ﬂux in a grid cell located
along the litter's surface 0.35 m from the center of the surface ﬁre for each of the
three ﬁeld observations of Cruzeiro do Sul (AC).

content evaporation. In the case of numerical simulations in ﬁeld
observations #1 and #6, for up to half of the vegetation moisture
content evaporation process, the net heat ﬂux by radiation is the
only method available for heating the fuel element. Similarly to
Mato Grosso ﬁeld observations, the fuel element under analysis
provides net energy by convection to the gaseous medium before
it receives this type of energy.
As can be seen from Tables 6 and 8, most of the results from the
numerical simulation are in the range measured in ﬁeld observations or very close to them. The reasons for these deviations can be
various, including the non-homogeneity in the ﬁeld observation,
measurement errors, number of ﬁeld measurements and limitations of the numerical model.
To better understand ﬁre behavior and to assess the inﬂuence
of some input parameters to WFDS, it was performed a qualitative
comparison. Taking ﬁeld observation #1 of Alta Floresta (MT) as a
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5.3. Variation in air humidity for ﬁeld observation #1 of Alta Floresta
(MT)

Fig. 8. Time history curves of the predicted convective heat ﬂux in a grid cell located along the litter's surface 0.35 m from the center of the surface ﬁre for each of
the three ﬁeld observations of Cruzeiro do Sul (AC).
Table 7
Values of the initial dry mass, ﬁnal mass and ratio of ﬁnal mass to initial dry mass of
Cruzeiro do Sul (AC).
Field observation
#

Litter
height (m)

Initial dry
mass (kg)

Final
mass (kg)

Ratio of ﬁnal mass
to initial dry mass
(%)

1
4
6
8

0.12
0.12
0.09
0.06

0.71
0.85
0.63
0.36

0.005
0.150
0.008
0.050

0.7
17.6
1.3
13.9

Table 8
ROS values for the ﬁeld observations of Cruzeiro do Sul (AC).
Field observation
#

Field measured
ROS-min
(m min  1)

Field measured
ROS-max
(m min  1)

Simulated ROS
(m min  1)

1
4
6
8

0.13
0.12
0.12
0.12

0.22
0.16
0.16
0.17

0.23
0.14
0.19
0.17

reference, we studied the variation in ROS caused by a change of
plus and minus ten percent in the parameters of air humidity,
vegetation moisture content, vegetation surface area to volume
ratio (SAV), and vegetation bulk density. For the vegetation temperature, a variation of plus and minus 5 °C was considered. Although parameter surface area to volume ratio was constant in all
simulations, it is included in this assessment.

This case is the same as the ﬁeld observation #1 of Alta Floresta
(MT), the only difference being that two additional simulations
were performed to evaluate the effect of air humidity variation.
The simulations evaluated what would happen if the air humidity
was 10% lower and 10% higher. The 10% value was chosen for the
studies because the variation is of signiﬁcant amplitude for each
variable. This is the only analysis that does not refer to vegetation.
The impact of the variation of air humidity is described as follows.
Field measured and simulated ROS for ﬁeld observation #1 were
0.21 m min  1. For cases where the air humidity is 10% lower and
higher than the value measured in ﬁeld observation #1, calculated
ROS is also 0.21 m min  1 (Table 9). For this range of variation in air
humidity it can be seen that ROS is not affected by this variable.
Although the evaporated vegetation moisture content value goes
into the equation that describes the gaseous medium species and
therefore affects the air humidity, there is no mechanism in WFDS
that accounts for air humidity effects in the vegetation moisture
content. However, observing Table 1 data for gas phase air humidity and solid phase moisture content for all ﬁeld observations,
it is not clear a correlation between these two variables.
5.4. Variation in vegetation temperature for ﬁeld observation #1 of
Alta Floresta (MT)
In this section two simulations are compared with the base
case described in ﬁeld observation #1. The difference between the
simulations is the variation of the initial vegetation temperature.
Vegetation temperature, in the range of values tested, does not
affect ROS (Table 10). The vegetation temperature ranged from
27 °C to 34.1 °C, a difference of only 7.1 °C. In the numerical model,
the vegetation temperature needs to be raised to 100 °C for the
moisture content evaporation to begin. As the vegetation temperature difference to the moisture content evaporation temperature is practically the same, the impact on ROS is negligible.
5.5. Variation in vegetation moisture content for ﬁeld observation #1
of Alta Floresta (MT)
These simulations evaluated what would happen if the vegetation moisture content was 10% lower and 10% higher than actual
value measured in ﬁeld observation #1 of Alta Floresta (MT). For
the case in which vegetation moisture content is 10% lower than
the value measured in ﬁeld observation #1, simulated ROS is
0.23 m min  1. For the case in which the variable is 10% higher,
simulated ROS is 0.19 m min  1 (Table 11). It was observed that the
magnitude of variation in ROS is equal in both cases examined,
when compared to ﬁeld observation #1. In the case with lower
vegetation moisture content, ROS is 0.02 m min  1 greater than the
value measured in the ﬁeld. For the case with higher vegetation
moisture, ROS is 0.02 m min  1 smaller than the value measured in
the ﬁeld (Table 11).

Table 9
Parametric variation in air humidity for ﬁeld observation #1.
Air humidity (%) ROS (m min  1) Difference between simulated ROS and ﬁeld observation ROS
(m min  1)
Field observation #1
Field observation #1 numerical simulation
Numerical simulation: air humidity 10% lower than ﬁeld observation #1
Numerical simulation: air humidity 10% greater than ﬁeld observation #1

27.0
27.0
24.3

0.21
0.21
0.21

0
0

29.7

0.21

0
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Table 10
Parametric variation in vegetation temperature for ﬁeld observation #1.
Vegetation temperature (°C) ROS (m min  1) Difference between simulated ROS and ﬁeld observation ROS (m min  1)
Field observation #1
Field observation #1 numerical simulation
Numerical simulation: vegetation temperature 5 °C lower than
ﬁeld observation #1
Numerical simulation: vegetation temperature 5 °C greater than
ﬁeld observation #1

34.1
34.1
29.1

0.21
0.21
0.21

0
0

39.1

0.21

0

Vegetation moisture is a very important parameter in ﬁre
propagation. It is present in the equation that describes the temperature of a fuel element in the condensed phase model (Eq.
(A.9)) and in bulk density and speciﬁc heat contributions (Eqs.
(A.10) and (A.11)). The higher the vegetation moisture, the higher
the energy that must be supplied to its evaporation and the lower
the speed at which the ﬁre spreads.

combustible products volatilization (Eq. (A.15)). However, as can
be seen in Table 13, ROS variation is not greatly inﬂuenced by
vegetation bulk density when compared with the change in vegetation moisture (Table 11).

5.6. Variation in vegetation surface area to volume ratio (SAV) for
ﬁeld observation #1 of Alta Floresta (MT)

ROS is the end result of all the physical processes of surface ﬁre,
under certain initial and boundary conditions. The comparison of
the result of these processes, although it is of utmost practical
interest, is difﬁcult to be made conclusively.
Table 14 provides a summary of items (c) through (g) above.
Vegetation moisture content, surface to volume ratio and bulk
density are very important input parameters in WFDS.
As can be seen from Table 14, ROS variation because of vegetation moisture content (0.02 m min  1) is twice the variation
because of vegetation bulk density (0.01 m min  1) for the same
percentage change in each variable. Because of this, the next
section presents a more detailed study on the vegetation moisture
content.

In this section the simulations evaluate the effects of vegetation
SAV varying 10% below and 10% above the SAV of ﬁeld observation
#1 of Alta Floresta (MT). For the case in which SAV is 10% lower
than the value measured in ﬁeld observation #1, simulated ROS is
0.195 m min  1. For the case in which the variable is 10% higher,
simulated ROS is 0.225 m min  1 (Table 12).
Vegetation SAV is an important variable in the characterization
of vegetation. A low value for this variable indicates that for a
given volume, the convective heat transfer (Eqs. (A.4) and (A.5)),
radiation (Eqs. (A.6)–(A.8)), moisture evaporation (Eq. (A.14)) and
combustible products volatilization (Eq. (A.15)) are smaller.
Therefore, ROS decreases when the vegetation SAV decreases.
5.7. Variation in vegetation bulk density for ﬁeld observation #1 of
Alta Floresta (MT)
These simulations evaluated what would happen if the vegetation bulk density was 10% lower and 10% higher than actual
value measured in ﬁeld observation #1 of Alta Floresta (MT). In the
case where the vegetation bulk density is 10% lower than the value
measured in ﬁeld observation #1, simulated ROS is 0.22 m min  1.
For the case in which the variable is 10% higher, simulated ROS is
0.20 m min  1 (Table 13).
Vegetation bulk density is also an important variable in vegetation characterization. A larger value for this variable indicates
that for a given volume, there is proportionally more vegetation
and less air, which makes ﬁre propagation more difﬁcult. If there is
more vegetation there is proportionally more drag force (Eqs.
(A.1)–(A.3)) and greater heat exchange by convection (Eqs. (A.4)
and (A.5)). Radiation heat exchange is also affected (Eqs. (A.6)–
(A.8)), as well as moisture evaporation (Eq. (A.14)) and

5.8. Summary of parameters variations for ﬁeld observation #1 of
Alta Floresta (MT)

5.9. Study on variation in vegetation moisture content for ﬁeld observation #1 of Alta Floresta (MT)
In order to better understand the effects of the vegetation
moisture content on ROS, two additional numerical simulations
were done to evaluate what would happen if the vegetation
moisture content were 20% lower and 20% higher than actual value measured in ﬁeld observation #1 of Alta Floresta (MT). Table 15
shows data already presented in Table 11 plus the two additional
numerical simulations.
Table 15 shows that the variation in ROS because of a change in
the vegetation moisture content is linear for the range of plus/
minus 20%, according to WFDS results.
Fig. 9 presents the numerically simulated mass loss time history for the vegetation in the domain for the original ﬁeld observation and for the extreme vegetation moisture content variation cases. Curves for vegetation moisture content variation of
plus/minus 10% are not shown, but they lie in between the original
and the respective extreme case. As the vegetation bulk density
remains the same as the numerical simulations refer to ﬁeld

Table 11
Parametric variation in vegetation moisture for ﬁeld observation #1.
Vegetation moisture ROS (m min  1) Difference between simulated ROS and ﬁeld observation
ROS (m min  1)
Field observation #1
Field observation #1 numerical simulation
Numerical simulation: vegetation moisture 10% lower than ﬁeld
observation #1
Numerical simulation: vegetation moisture 10% greater than ﬁeld
observation #1

0.1438
0.1438
0.1294

0.21
0.21
0.23

0
0.02

0.1582

0.19

 0.02
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Table 12
Parametric variation in vegetation surface area to volume ratio (SAV) for ﬁeld observation #1.
Vegetation SAV (m  1) ROS (m min  1) Difference between simulated ROS and ﬁeld observation
ROS (m min  1)
Field observation #1
Field observation #1 numerical simulation
Numerical simulation: vegetation SAV 10% lower than ﬁeld observation #1
Numerical simulation: vegetation SAV 10% greater than ﬁeld
observation #1

4000
3600

0.21
0.21
0.195

0
 0.015

4400

0.225

0.015

observation #1 of Alta Floresta (MT) and the only change is the
vegetation moisture content, the initial dry mass is the same. As
already mentioned, an increase in vegetation moisture content
causes a decrease in ROS. This slower ﬁre propagation causes less
vegetation to be burned in a period of time. In Fig. 9, after 180 s
there was approximately three times more vegetation to burn in
the case of higher vegetation moisture content than in the original
case. It is also interesting to note the behavior of the mass loss rate
curves in Fig. 10. The mass loss rate has its maximum when the ﬁre
front reaches the boundaries of computational domain, when the
ﬁre front circle has its maximum diameter. After that, vegetation
burning continues to the corners of the numerical domain in a
mass loss rate smaller that tends to zero. The curve for the case of
higher vegetation moisture content does not reach its maximum
until 180 s, which means that the ﬁre front hadn't reach the
boundaries of the numerical domain. The curves in Fig. 10 conform
to the slopes of the curves in Fig. 9.
As before, time histories of the predicted radiant and convective heat ﬂuxes refer to a grid cell located along the litter's
surface 35 cm from its center. It can be seen from Figs. 11 and 12
that radiation heat ﬂux is dominant over convection heat ﬂux,
independent of the amount of vegetation moisture content. The
ﬁgures have the same scale for ease of comparison. Comparing the
curves in Fig. 11, it can be seen that the ﬁre front reaches the grid
cell in analysis as faster as the lower the vegetation moisture
content. It is interesting to observe the area under each curve of
the radiation heat ﬂux. It indicates the amount of net radiation
received by the fuel element in the grid cell in analysis. For the
curve representing the vegetation moisture content 20% lower
than the original case, the area is 0.0255 kJ. For the original case
the area is 0.0297 kJ and for the higher vegetation moisture content the area is 0.0310 kJ. However, the increase in this net energy
received by the fuel element is not linear with the increase in
vegetation moisture content. The energy increases 17% from the
lower vegetation moisture content case to the original case, while
it increases only 4% from the original case to the higher vegetation
moisture content case. The analysis of the convective heat ﬂux
curves of Fig. 12 is even more interesting. It can be seen from
Fig. 12 that in the early stages of the convective heat transfer, the
fuel element under analysis provides heat to the surrounding air.
This happens because the ﬁre indraft air comes from outside the
ﬁre perimeter, as indicated in Fig. 13. This fresh air is heated by the

fuel element that received energy by radiation. There are then two
areas to be considered for each curve, one negative in which the
fuel element provides energy by convection to the surrounding air
and the other positive, in which the fuel element receives energy
by convection because of the hot gases from combustion or the
preheated air inside the litter and closer to the ﬁre front. The
negative area in the graphs for the lower vegetation moisture
content case, the original case and the higher vegetation moisture
content case are 0.0019, 0.0027 and 0.0034 kJ respectively. The
positive areas considering the same sequence of cases are 0.0079,
0.0084 and 0.0096 kJ respectively. The net energy received by the
fuel element because of convection is then 0.0060, 0.0057 and
0.0062 kJ respectively. It is surprising the net energy received by
the fuel element in the original case to be smaller than the net
energy received in the lower vegetation moisture content case.
This is explained by the proportion of the energy provided and the
energy received. In the ﬁrst case it is 33% while in the second it is
25% only. Nonetheless, the net energy received by the fuel element
by radiation is 4.3 times the net energy received by convection in
the case where the vegetation moisture content is 20% lower,
5.2 times in the original case and 5.0 times in the higher vegetation moisture content case.
5.10. Analysis on ROS calculation by the numerical model and conservation equations non-linearity
The numerical model conservation equations are strongly nonlinear and therefore it is not to be expected, a priori, the trend
showed by the sensitivity analysis when more than one parameter
varies at the same time. The sensitivity analysis was performed
varying only one parameter at a time, while the others were kept
constant. In this section, it is analyzed the impact on ROS because
of a change in more than one parameter at the same time. The
surface to volume ratio was kept constant in all numerical simulations and it was shown that the fuel moisture content and the
fuel bulk density have the highest impact on ROS.
Table 16 presents a comparison between each two numerical
simulations in order to assess how the fuel moisture content and
the fuel combustible material bulk density inﬂuences the ROS. This
was done in order to evaluate the conservation equations nonlinearity impact on ROS calculation. The fourth column in Table 16
represents the joint variation of the fuel moisture content and the

Table 13
Parametric variation in bulk density for ﬁeld observation #1.
Bulk density (kg m  3) ROS (m min  1) Difference between simulated ROS and ﬁeld observation ROS
(m min  1)
Field observation #1
Field observation #1 numerical simulation
Numerical simulation: bulk density 10% lower than ﬁeld observation #1
Numerical simulation: bulk density 10% greater than ﬁeld observation #1

13.34
13.34
12.01

0.21
0.21
0.22

0
0.01

14.67

0.20

 0.01
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Table 14
Summary of parametric variation for ﬁeld observation #1 of Alta Floresta (MT).
Simulated ROS – ﬁeld observation ROS (m min  1)
Air humidity (%) Vegetation temperature
(°C)
Field observation #1 numerical simulation
0
Numerical simulation: parameter lower than 0
ﬁeld observation #1
Numerical simulation: parameter greater than 0
ﬁeld observation #1

Vegetation moisture Vegetation SAV
(m  1)

Vegetation bulk density
(kg m  3)

0
0

0
0.02

0
 0.015

0
0.01

0

 0.02

0.015

 0.01

combustible material bulk density. As shown in Table 14, the impact on ROS because of the fuel moisture content is twice the
impact on ROS because of the combustible material bulk density.
This column then presents the amount of change in the fuel
moisture content multiplied by two plus the amount of change in
the combustible material bulk density. This is a linear relationship
and it does not represent the actual calculation performed by the
numerical model to determine the ROS. The comparison between
this column with the numerically calculated ROS variation (ﬁfth
column) shows the effects of the conservation equations nonlinearity.
As an increase in both fuel moisture content and fuel bulk
density decreases ROS, a positive value in the fourth column of
Table 16 represents a decrease in ROS variation in the ﬁfth column
of Table 16. Likewise, a negative value in the fourth column of
Table 16 represents a decrease in ROS variation. Although there is a
correlation between the fourth and ﬁfth columns in Table 16, it is
not linear.

6. Conclusions
A physics-based, transient, three-dimensional, coupled ﬁre–
atmosphere numerical model for simulating ﬁre spread through
surface fuels on ﬂat terrain was used and tested against measurements from crude by design burn ﬁeld observations in the
Brazilian Amazon forest litter.
Most of the ROS results from the numerical simulation are in
the range measured in ﬁeld observations or very close to them.
The reasons for the deviations can be various, including the nonhomogeneity in the ﬁeld observation, measurement errors, number of ﬁeld measurements and limitations of the numerical model.
The lack of the measurement uncertainty of the experimental data
and the fact that there are not enough data in order to evaluate the
propagation of the measurement errors makes it difﬁcult, if not
impossible, to investigate the source of the discrepancy between
the experimental and numerical ROS results.
In the range of parameter variation considered, the simulations

Fig. 9. Mass loss time history curves for vegetation moisture content analysis.

showed that the important parameters for the model are the vegetation moisture content, surface area to volume ratio and bulk
density. According to the results of numerical simulations, vegetation moisture content is the most important variable in the
surface ﬁre propagation. As the absorption coefﬁcient by radiation
is a direct function of the vegetation bulk density and surface area
to volume ratio, these parameters affect the numerical behavior of
the surface ﬁre. The vegetation initial temperature and air humidity in the range of variation studied did not inﬂuence the ﬁre
rate of spread. The simulations also showed that the radiation
process is very important and directly affects all other processes
and the rate of propagation. Convection is less important because
of the absence of external wind.
In the next ﬁeld observations, measurements of the convective
and radiative heat ﬂuxes need to be recorded to compare with the

Table 15
Variation in vegetation moisture for ﬁeld observation #1.
Vegetation moisture ROS (m min  1) Difference between simulated ROS and ﬁeld observation
ROS (m min  1)
Field observation #1
Field observation #1 numerical simulation
Numerical simulation: vegetation moisture
observation #1
Numerical simulation: vegetation moisture
observation #1
Numerical simulation: vegetation moisture
observation #1
Numerical simulation: vegetation moisture
observation #1

20% lower than ﬁeld

0.1438
0.1438
0.1150

0.21
0.21
0.25

0
0.04

10% lower than ﬁeld

0.1294

0.23

0.02

10% greater than ﬁeld

0.1582

0.19

 0.02

20% greater than ﬁeld

0.1726

0.17

 0.04

54

P. Bufacchi et al. / Fire Safety Journal 79 (2016) 44–56

Fig. 10. Mass loss rate time history curves for vegetation moisture content analysis.

Fig. 12. Time history curves of the predicted convective heat ﬂux in a grid cell
located along the litter's surface 0.35 m from the center of the surface ﬁre for vegetation moisture content analysis.

Fig. 13. Air indraft for ﬁre front.

Table 16
Qualitative assessment of ROS variation (ﬁeld observation  numerical simulation).

Fig. 11. Time history curves of the predicted radiant heat ﬂux in a grid cell located
along the litter's surface 0.35 m from the center of the surface ﬁre for vegetation
moisture content analysis.

values from the simulations. Another future line of investigation
will be on the physical parameters of the vegetation that are relevant to radiative and convective heat transfer, such as the absorption coefﬁcient and soot fraction.
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Appendix A
This appendix presents the equations necessary for understanding the model behavior as described in Mell et al. [9].
The drag force per unit volume
f′′′
D Vb represents the

Combustible
material bulk
density (%
variation)

Moisture /
Bulk density
combined
parameter (%
variation)

Numerical
ROS variation
(% variation)

ALTA FLORESTA (MT)
#1 and #3
3
#1 and #4
14
#3 and #4
18

29
2
 24

22
26
12

5
 14
 10

CRUZEIRO DO
#1 and #4
#1 and #6
#1 and #8
#4 and #6
#4 and #8
#6 and #8

13
6
7
6
 17
 12

253
66
112
 88
 72
33

 39
 17
 26
36
21
 11

Field
observation

Vegetation
moisture (%
variation)

SUL (AC)
120
30
60
 41
 27
23

momentum removed from the gas by the vegetation. Explicit ﬁltering of the discrete drag sources gives

fD′′′

Vb

3
=βe σe CD,e ρ̄ ue−∼
u ( u e −∼
u)
8

(A.1)

where the subscript e denotes a fuel type. The 3/8 factor has also
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been used in numerical simulations of ﬂame spread through a
forest fuel bed [8], Mediterranean shrubs [3], and Australian
grassland ﬁres [4]. This factor is 1/8 for a spherical fuel element,
and was also used by Porterie et al. [22] and Porterie et al. [23].
The value of the drag coefﬁcient CD depends on the local Reynolds
number Ree

⎧ 24/Ree,
Ree ≤ 1
⎪
⎪
0,687
CD,e = ⎨ 24 0.85 + 0.15 Ree
/Ree, 1 < Ree < 1000
⎪
⎪
0.44,
1000 ≤ Ree
⎩

(

)

(A.2)

Vb

∼
=βe σe hc,e Te−T

(

)

(A.4)

The surface-to-volume ratio for fuel elements of type e that is
shown in Eq. (A.4) is not zero only when there is a condensed
phase in the computational cell. The empirical correlation for the
convective heat transfer coefﬁcient is [22]

∼ 0, 683 Ree0,466
hc,e=0. 5k T
2/σe

( )

(A.5)

where the Reynolds number is based on the relation σ=2/r for
cylinders of radius r.
Fires from vegetative fuels are soot-laden. Since the radiation
spectrum of soot is continuous, it is assumed that the gas behaves
as a spectrally independent or gray medium. This results in a
signiﬁcant reduction in computational expense. The vegetative
fuel is assumed to be comprised of ﬁxed, uniformly distributed
within the bulk volume Vb , non-scattering, perfectly absorbing,
subgrid fuel elements.
Following Consalvi et al. [24], for simplicity the fuel element is
assumed to be spherical. The absorption coefﬁcient is,

1 ρbv, e
1
κ b,e=
σe= βe σe
4 ρe
4

( )

^s .∇ I ̅ x, ^s =κ ⎡ I T̃ − I ̅ x, ^s ⎤+κ ⎡ I ( T )− I ̅ x, ^s ⎤
⎣ b
⎦ b,e ⎣ b e
⎦

( ) (

(A.8)

where U̅ is the integrated radiation intensity.
The model for the thermal degradation of a thermally thin
vegetative fuel used here is similar to that employed by others
(e.g., [22]) and previously in WFDS simulations of ﬁre spread in
grassland fuels [4] and Douglas ﬁr [9]. The equation governing the
temperature of a thermally thin fuel element k with the explicit
spatial ﬁlters applied is

dTe
= − ∆hvap m′′′
b,H2O
dt
m′′′
b,F

Vb

− q′′′
c,b

Vb
Vb

−∆hpyr

− ∇.q r,b

(A.9)

Vb

The third and fourth terms on the right-hand-side of Eq. (A.9)
are the fuel element bulk contributions from unresolved convection and radiative heat transfer, which are given by Eqs. (A.4) and
(A.8).
In the condensed phase model, the bulk density and speciﬁc
heat have contributions from dry virgin vegetative fuel and
moisture,

ρe,b=ρ b,v +ρ b,H2O

cp,e=

(A.10)

ρ b,v cp,v + ρ b,H2O cp,H2O
ρb

(A.11)

where initially ρe,b,H2O=Me ρ b,v and Me is the fuel moisture content
of vegetative element type e and it is represented as a fraction, not
a percent.
The temperature Eq. (A.9) for the fuel bed is solved assuming a
two-stage endothermic decomposition process: water evaporation
followed by vegetative fuel volatilization. This results in a mass
loss of vegetative fuel:

dρe,b
dt

= m′′′
e,b

Vb

= m′′′
b,H2O

Vb

+ m′′′
b,F

(A.12)

Vb

with the net heat ﬂux divergence deﬁned as

q′′′
net

Vb

≡ − q′′′
c,b

Vb

− ∇.q r, b

(A.13)

Vb

The moisture evaporation model used here is

(A.6)

This expression for the absorption coefﬁcient has been used in
other ﬁre spread models [3,4,8,9] and has been experimentally
validated for vegetative fuels [25]. The ﬁnal form of the radiation
transfer equation (RTE) is then given by

( )

( )

¯ (x) ⎤ + 〈∇. q 〉V
= κ ⎡⎣ 4πIb T˜ − U
⎦
r,b b

(A.3)

where re is the equivalent radius for a sphere re=3/σe and σe is the
surface-to-volume ratio for fuel elements of type e. Similar expressions for CD, e have been used previously [9,22,23].
The convective heat transfer between the condensed and gaseous phases is [9]

q′′′
c,b

¯ (x) ⎤ + κ b,e ⎡⎣ 4πIb ( Te) − U
¯ (x) ⎤⎦
∇. q¯ r (x) = κ ⎡⎣ 4πIb T˜ − U
⎦

ρe,b cp,e

2ρ u e − ∼
u re
Ree=
∼
μ
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)

( )

(A.7)

A table containing the values of κ as a function of species mass
fractions and temperature for a given mixture of participating
gaseous species ( H2 O and CO2) and soot particulate is computed
before the simulation begins. A soot evolution model is not used.
Instead, the mass of soot generated locally is an assumed fraction
(χs ) of the mass of fuel gas consumed by the combustion process. In
the WFDS simulations reported here, χs =0.01 is used. Values of χs
for Douglas ﬁr range from less than 0.01–0.025 under ﬂaming
conditions [26]. No paper was found in the literature referencing
values of χs for litter ﬁres in Amazon. Integrating the RTE (A.7)
over all solid angles gives the equation for conservation of radiant
energy,

m′′′
e,b,H2O

Vb

= βem′′′
e,H2O

⎧ 0,
⎪
⎪
= ⎨ q′′′
net Vb
⎪
,
⎪
⎩ Δhvap

Te < 100°C
Te = 100°C , ρ H2O Vb > 0, q′′′
net

Vb

>0
(A.14)

and the thermal degradation model is represented as

m′′′
e,b,F

Vb

= βem′′′
e,F

⎧ 0,
⎪
⎪ q′′′
net Vb ⎛ Te − 127 ⎞
⎪
⎟,
⎜
hpyr ⎝ 100 ⎠
Δ
⎪
⎪
=⎨
⎪ q′′′
net Vb
,
⎪
⎪ Δhpyr
⎪
for all cases,
⎪
⎩

Te < 127°C
127°C ≤ Te ≤ 227°C ,

Te ≥ 227°C
ρ b,F Vb > χe,residueρ bv Vb, q″′
net

Vb

>0

(A.15)

where χe,residue is the residue fraction for fuel elements of type e.
The heat of vaporization for water is ∆hvap=2259 kJ kg−1 and the
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heat of pyrolysis is ∆hpyr=416 kJ kg−1 [3]. The initial temperature
Te (t0) is ambient or user deﬁned.
The temperature of the vegetative fuel evolves according to Eq.
(A.9), which was also used (up to the point of pyrolysis) by Albini
[27,28]. Once Te reaches the boiling temperature it is assumed that
drying requires all of the available heat so that Te ¼ 100 °C until all
the moisture has evaporated. After all the moisture has been removed, the temperature of the fuel element evolves according to
Eq. (A.9) with ṁ b,H2O =0. With a net inﬂux of heat, Te continues
V
b

to rise, eventually reaching a temperature Te ¼127 °C , when pyrolysis begins. The model for moisture evaporation and fuel thermal degradation uses the temperature dependent mass loss rate
expression of Morvan and Dupuy [3]. The fuel volatilization model
is based on thermogravimetric analysis of a number of vegetation
species [29,30]. Since residue oxidation is not modeled, smoldering or glowing combustion is not accounted for.

Appendix B
Nomenclature used in this paper
Variable
CD
cp
D*
f′′′
D
h
I (x, ^s)
Ib (x, ^s)
k
m′′′
b,i

m′′′
b

q′′′
net
q
q̇′ ′′
r
Re
^s
t
T
u
U
Vb
x
β
∆hpyr
∆hvap
κ
μ
ρ
σe
χ residue

Description units
Drag coefﬁcient [ ]
Speciﬁc heat at constant pressure kJkg −1K−1
Characteristic diameter of the ﬁre m
Drag force per unit volume kg m  2 s  2
Mixture enthalpy kJ kg  1
Radiation intensity W m  2
Blackbody radiation intensity W m  2
Thermal conductivity W m  1 K  1
Bulk mass source density for gas species i due to thermal
degradation of vegetation kg m  3 s  1
Bulk mass source due to thermal degradation of vegetation kg m  3 s  1
Convective plus radiative heat source kW m  3
Heat ﬂux vector kW m  2
Heat release rate per unit volume kW m  3
Radius m
Reynolds number [  ]
Unit vector in direction of radiation intensity [  ]
Tempo s
Temperature °C
Velocity vector m s  1
Integrated radiation intensity W m  2
Volume of the computational cell m3
Position vector m
Packing ratio [  ]
Heat of pyrolysis kJ kg  1
heat of vaporization kJ kg  1
Radiative absorption coefﬁcient [  ]
Dynamic viscosity of the gaseous mixture kg m  1 s  1
Mass density kg m  3
Surface-to-volume ratio for fuel elements of type e m  1
Fraction of virgin vegetative fuel converted to residue
[]

Subscripts
b
c
D
e
F

Bulk vegetative fuel quantity or blackbody
Convective, combustion, chemical
Drag
Fuel element type
Fuel species

r
v

Radiative
Virgin dry vegetation
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