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Abstract. The chemical processes of gas phase combustion in wildland fires are complex and occur at length-scales
that are not resolved in computational fluid dynamics (CFD) models of landscape-scale wildland fire. A new approach
for modelling fire chemistry in HIGRAD/FIRETEC (a landscape-scale CFD wildfire model) applies a mixture—fraction
model relying on thermodynamic chemical equilibrium to predict combustion flame temperatures and product species
compositions. The mixture—fraction approach is common in combustor modelling applications. However, since individual
flame sheets are not resolved in HIGRAD/FIRETEC, application of the mixture—fraction approach requires the develop-
ment of a sub-grid model, which is based on the two assumptions (i) that combustible gases are concentrated into distinct
pockets surrounded by air and combustion products and (ii) that reaction is limited by the mixing of the surrounding air
with combustible gases from these pockets. The pocket radius and the thickness of the mixing zone are key parameters
used in this model to characterise the sub-grid region where reaction occurs. The development of this sub-grid gas phase
model is presented along with simulation results for various types of vegetation, including grass, California chaparral and
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ponderosa pine.

Introduction

The phenomena of wildfires are fascinating, powerful and
extremely complex. With the advent of modern computing, the
attempt is made to predict wildfire behaviour using numerical
models in order to provide a useful tool for understanding wild-
fire behaviour. Current operational wildfire models in the United
States are based on empirical models (Rothermel 1972; Finney
1998; Andrews et al. 2003). These models are point-functional
in that they predict fire spread rate at a point using correlations
based on local conditions (i.e. wind velocity, fuel moisture con-
tent, slope, etc.) Operational models are useful tools for fire
managers; however, they do not treat the dynamic coupling of
wildfire and atmospheric physical processes.

Computational fluid dynamics (CFD) techniques have been
applied to numerically model the dynamic physical processes of
wildfires. Multiphase models that resolve processes at centime-
tre to tens-of-centimetres scales have been developed (Larini
et al. 1998; Zhou and Pereira 2000; Morvan and Dupuy 2004;
Zhou et al. 2005a, 2005b) as well as landscape-scale, 3-D
models that resolve processes at metre to tens-of-metres scales
(Linn 1997; Linn and Cunningham 2005; Mell et al. 2005,
2007; Cunningham and Linn 2007). Empirical fire spread algo-
rithms from operational models have also been incorporated in
a coupled wildfire—atmosphere mesoscale model (Clark et al.
2004).

HIGRAD/FIRETEC is a landscape-scale wildfire CFD
model comprised of an atmospheric fluid dynamics model
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(HIGRAD) coupled to a wildfire physics model (FIRETEC).
HIGRAD/FIRETEC is based on numerical representations of
physical phenomena that occur in wildfires including mass and
momentum transport, energy transport with radiative and con-
vective heat transfer, turbulence and combustion. Despite the
availability of modern parallel computing resources, constraints
on grid-refinement due to computational costs force the simplifi-
cation of combustion chemistry models in HHGRAD/FIRETEC
and impose the challenge of developing and applying sub-grid
modelling techniques to account for unresolved temporal and
spatial variations in wildfire combustion.

The purpose of this paper is to describe the incorpora-
tion of a sub-grid model that is based on the mixture—fraction
concept and that utilises a thermodynamic equilibrium model
to account for gas phase combustion in HIGRAD/FIRETEC.
First, brief descriptions are given of the previously imple-
mented FIRETEC combustion chemistry models. Next, the
mixture—fraction approach to modelling gas phase combustion
is explained and a detailed description of the new sub-grid model
development is given. Simulation results are then presented for
wildfires in grass, California chaparral and ponderosa pine to
demonstrate the performance of this new approach.

FIRETEC combustion models

FIRETEC does not explicitly model the kinetics of combustion
reactions because temporal and spatial scales of these reactions
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are not resolved. Sub-grid modelling is used to account for the
physics of combustion chemistry in wildfires. Two FIRETEC
chemistry models have been developed and reported in the lit-
erature. A brief description of these two models is included in
this paper to provide some background for the description of the
new sub-grid mixture—fraction-based chemistry model.

‘Local’ combustion model

The original combustion model developed for FIRETEC (Linn
1997) (referred to hereafter as the ‘local’ model) accounted
for all combustion reactions with a single rate equation, which
was meant to encompass the effects of pyrolysis, volatiles
combustion and char oxidation.
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The reaction rate, £, is determined by the local bulk density
of solid fuel (py), the bulk density of oxygen available in the

gas phase (p,), the turbulent diffusivity (o, ), and a probability
density function (PDEF, ¥;), which is a slightly modified form
of the integrated Gaussian distribution. The caret above the den-
sity terms indicates that the quantity has been spatially averaged
over the cell volume and the over bar indicates that the quantity
is an ensemble average over many temporal realisations.

The PDE, ¥, used in Eqn 1 is an assumed distribution of
temperature within a computational cell. Since grid resolution
is at metre-length scales, it is possible for some portions of a
cell to be hot and reacting while other portions of the cell are
not. The acknowledgement and attempt to account for the tem-
perature heterogeneity in the context of a mixing limited model
is the essence of sub-grid combustion modelling in FIRETEC.
Also note that Eqn 1 includes the bulk density of solid fuel.
As a result, combustion reactions can only occur locally in the
model where solid fuel is present. This precludes chemical reac-
tion and therefore the production of heat, in computational cells
above the fuel bed. The approximation that this model makes is
that the heat is released within the same resolved volume as the
solid fuel. In the context of large cells, this assumption is very
reasonable but it is clearly an approximation in the context of
intense fires and metre-scale cells since flame lengths can be
tens-of-metres. It is not clear what impact this has on the repre-
sentation of the nature of the fire, but one way to investigate the
impact is to compare the results of this local model to a model
that resolves the chemistry more explicitly.

‘Nonlocal” combustion model

A two-equation model, which models pyrolysis and gas phase
combustion separately, was also proposed for FIRETEC (Linn
1997), and a modified version of this proposed model was
implemented in FIRETEC (Colman and Linn 2005). A trans-
port equation for combustible, hydrocarbon-like gas species was
added allowing for gas phase reactions to occur in any cell where
combustible gas (hereafter referred to as hydrocarbons) may be
present with oxygen. Since this type of reaction model is no
longer localised to the fuel bed, it is referred to as the ‘nonlocal’
model. The two rate expressions for solid and gas reactions
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are quite similar in form to the original single-equation rate
expression (Colman and Linn 2005).
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Mixture—fraction thermodynamic equilibrium model

This work centres on incorporating a mixture—fraction model
based on thermodynamic equilibrium into FIRETEC as a third
approach to modelling gas phase combustion chemistry. The
motivation for this work is to apply this mixture—fraction
approach to FIRETEC in order to take advantage of a thermo-
dynamic equilibrium model to predict more complex combus-
tion chemistry in the gas phase.

A mixture—fraction approach is one method of modelling
turbulence chemistry interactions in combustion. The mixture—
fraction is defined as the local fraction of mass that originates
from a designated primary fuel source (Turns 2000). In the
simplest application of the mixture—fraction approach, all other
mass originates from a secondary source — ambient air in the
case of wildfires. The physical and chemical properties of both
the primary and secondary sources must be known at a cho-
sen reference temperature and pressure. Given these known
properties of the primary and secondary sources and a speci-
fied value of the mixture—fraction for any reacting mixture, the
thermodynamic equilibrium solution for product temperature
and species composition can be obtained.

Thermodynamic equilibrium solutions can be used in place
of chemical rate equations in the combustion model assuming
that the time scales of gas phase combustion reactions are suffi-
ciently faster than the time scales of mixing (i.e. mixing-limited
reactions) and that combustion reactions proceed completely to
thermodynamic equilibrium. This method provides detailed pre-
dictions of chemical species production for a fraction of the
computational cost that would be required to solve a complex
kinetic mechanism.

Turbulence and chemistry are dynamically coupled in gas
phase combustion. In highly resolved models (cm to mm length
scales) where the mixture—fraction approach is traditionally
applied, the interaction of turbulence with chemistry is modelled
by using a probability density function (PDF) for the mixture—
fraction. Functions that have been used for this PDF include
the ‘top hat, clipped Gaussian, § functions, multiple & func-
tions, as well as others’ (Smoot and Smith 1985). The mean
and variance of the mixture—fraction are transported quantities
with the variance in the mixture—fraction explicitly coupled to
the turbulent kinetic energy and the turbulent dissipation. It
must be emphasised that the PDF mixture—fraction approach
to modelling turbulence chemistry interactions is typically used
in applications where flame sheets are resolved. For example,
the PDF mixture—fraction thermodynamic equilibrium method
has been used successfully in coal and gas combustor modelling
applications to predict the combustion flame temperature and
product chemical species without significant computational bur-
den (Smoot and Smith 1985; Pitsch 2006). In these combustor
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modelling applications, the computational grid is fine enough to
resolve the length-scales of flame sheets and turbulence-induced
fluctuations (intermittency) that impact gas phase combustion.

In landscape-scale wildfire modelling, it is not currently pos-
sible to resolve flame sheets and therefore it is not possible to
explicitly model the coupling of turbulence and chemistry. For
this reason, it is a significant challenge to apply a mixture—
fraction thermodynamic equilibrium approach in modelling
landscape-scale wildfire behaviour where neither the length-
scales of flame sheets nor flame sheet intermittency are resolved.
One approach to implementing the mixture—fraction model relies
on the assumption of a constant stoichiometric value of the
mixture—fraction at the flame sheet interface (Mell et al. 2007).
The approach in this work allows the flame sheet mixture—
fraction to vary. The motivation for implementing this type of
approach is the desire for a more detailed gas phase combustion
model without adding significant computational burden to the
overall CFD model.

Sub-grid pocket model

Computational costs constrain grid refinement in HIGRAD/
FIRETEC, limiting resolution to length scales on the order of
1 m. Since the physics and chemistry of combustion occur at
length scales that are not resolved in HIGRAD/FIRETEC, it
becomes necessary to utilise sub-grid models to account for these
phenomena. To facilitate the application of the mixture—fraction
model to HIGRAD/FIRETEC, a new sub-grid model was con-
ceived and developed in order to account for the fact that volatiles
and oxygen are not homogeneously distributed within the cells.

The products of solid pyrolysis are a mixture of gases includ-
ing combustible hydrocarbon-like species. It is assumed that
these combustible gases reside within spherical pockets, as illus-
trated in 2-D by the solid circle in Fig. 1, which is a simplified
cartoon describing the mixing and reaction zone for gas phase
chemical reactions. Part of the volume of the hydrocarbon pocket
mixes with a volume of surrounding air and this mixture reacts
to form product chemical species and produce a heat of reaction.
It is assumed that the combustible gases from the hydrocarbon
pocket and the volume of air mix rapidly to form a homogenous
mixture at each numerical time step. The volume of this mix-
ing layer around the spherical pockets depends on the radius of
the pocket, 7, and the length, /+ /- a, over which air and com-
bustible gases mix, as depicted in Fig. 1 by the lightly shaded
region. The pocket parameters also define the ratio of the volume
of pure hydrocarbons from the pocket to the volume of air that

A

‘Hydrocarbon
pocket’

‘Hydrocarbon-—air
mixture’

Fig. 1. Illustration of a sub-grid spherical ‘pocket’ of combustible gas
mixing with surrounding air.
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comprise the reacting mixture. These parameters are meant to
describe the notion of an area and thickness of a mixing zone at
the interface of the volatiles-rich and oxygen-rich zones, in terms
of the mass of volatiles in a computational cell. In this paper, the
parameters 7, / and a are not defined as functions of any spe-
cific resolved quantities in the hydrodynamics model; however,
future research will investigate how these parameters depend on
resolved quantities such as pyrolysis rate, inhomogeneity of fuels
and turbulence. It is also anticipated that these parameters might
evolve with time and space as volatiles transport (i.e. the pocket
radius decreases as volatiles combust). With the pocket radius
held constant in time and space, instead of tracking the changes
that would occur in the pocket radius with shrinking pockets, it
is assumed that the number of pockets decreases as gases react.
By specifying r, / and a and solving for both the density of unre-
acted combustible gas (i.e. the number of pockets of combustible
gas in a cell) and the mixture—fraction within a computational
cell from transport equations, the local mixture—fraction of the
reacting ‘hydrocarbon-air mixture’ can be calculated.

In the sub-grid pocket model illustrated in Fig. 1, the react-
ing mixture is composed of pure hydrocarbons (a portion of the
pocket volume in the space from » —/ to r) and air (the volume
surrounding the pocket in the space from rto 4/ - a). The react-
ing volumes of pure hydrocarbons, V¢ -, and surrounding air,
Vair.r», are calculated as follows (Clark 2008):

4 4 4
Vic.,r = 57rr3 — gn(r -3 = 571(31;’2 —3Pr+ 1) “)

4
3 = 571(3alr2 +3a*PPr + a313)

®)

v, 4 +al) — 2
iy = = +al)y’ — —nr
air,r 3 3

The volume of reacting mixture is the sum of the volumes of
reacting hydrocarbons and air:

4
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The fraction of reacting mixture that consists of pure hydro-
carbons () is calculated as:
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The volume fraction of reacting gases within a computational
cell (¢,) is given by:

¢ _ Npockets(VHC,r + Vair,r) _ 5HCVHC
= =

Vcell V3
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where the specific volume of reacting hydrocarbons is calculated
assuming ideal gas, that is:
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The densities of reacting hydrocarbons and air are
respectively:

PHC, = Xbr
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The ratio of the specific volume of hydrocarbons to air
is assumed to be approximately one, since gases are assumed
ideal and the temperatures and molecular weights of the hydro-
carbons and air are similar:

I}HC _ T Mair
Vair Tair MHC

~ 1 (12)

This approximation simplifies the equation for the density of
reacting air to quantities in the model that are either resolved or
specified, yielding:

(= 0puclBl+3al)r? + Ba* 2 =3P r + @’ PP + IP]

Pair,r = 3
P
13)
The overall mixture—fraction in a computational cell is
defined as the fraction of elemental mass in the cell that
originated from a primary source:

_ P
Jeetl = == (14)
Pp+ P

For wildfires, the primary source (indicated with the subscript
p) is chosen as the production of hydrocarbons from pyrolysis.
The chemical and physical properties of this primary material
are calculated at 700 K for the gas mixture described in Colman
and Linn (2005). It is assumed that the spherical pockets contain
only pure, unreacted primary material; therefore, the mixture—
fraction of these pockets, frcpocker = 1. The mixture—fraction of
the air in the cell is:

fr = 7:017,?7 =/2in _TPHC (15)
P — PHC P — PHC

where the density of primary material in the air, o), 4;r, is the mass
of elements per cell volume that originated from pyrolysis, but
reacted and no longer resides within spherical pockets. Finally,
the mixture—fraction of the reacting mixture can be calculated:

_ fHCpocketPHC,r +fair,0air,r

S
' PHC.r t Pair,r

(16)
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The flame temperature and mole fractions of combustion
products are obtained by interpolation from a look-up table
of stored thermodynamic equilibrium calculations. The look-
up table covers the entire range of possible mixture—fractions,
0 <f, <1, and is generated before running the simulation. The
heat of reaction is not calculated explicitly; rather, it is approxi-
mated using an energy balance. Assuming that all species have
constant heat capacities equal to air and that conditions are adia-
batic, the heat of reaction is equal to the change in sensible heat
that results from the reaction. The flame temperature is used
to estimate the change in sensible heat, calculated by multiply-
ing the heat capacity of air by the difference between the flame
temperature and the average gas temperature in the cell before
reaction.

AHpxy ~ AHgepsible =~ Cp(Tﬂame - Tgax) (17)

Eqn 17 might seem like an oversimplification in modelling
the energy produced during the gas phase combustion processes.
However, the formulation of the energy equation in HIGRAD is
cast in terms of potential temperature. Potential temperature
is used in atmospheric sciences and is defined as ‘the tem-
perature that an unsaturated parcel of dry air would have if
brought adiabatically and reversibly from its initial state to a
standard pressure, ... typically 100 kPa’ (American Meteoro-
logical Society 2007). The enthalpy of the total gas mixture
could be calculated if the concentrations of all gas phase chemi-
cal species were explicitly tracked. Lacking the necessary detail
for a thermodynamically consistent method of converting from
potential temperature to enthalpy, Eqn 17 is used to approximate
the change in energy due to gas phase combustion.

Numerical simulations

A suite of HIGRAD/FIRETEC simulations was performed using
the implemented mixture—fraction model for gas phase com-
bustion. The HIGRAD/FIRETEC model employs a numerical
integration scheme to solve the transient conservation equations
for mass, momentum, energy and species (oxygen) in the gas
phase, and conservation of mass for fuel, moisture and energy
in the solid phase. A turbulence model is also implemented.
The HIGRAD/FIRETEC modelling approach is described more
extensively by Linn and Cunningham (2005) and Linn (1997).
Fire spread was simulated in three fuel beds: grass, California
chaparral and ponderosa pine. Four simulations were performed
for each fuel bed with inlet wind velocities of 1,3, 6 and 12 m g1
for a total of 12 simulations. The domain for all simulations
was 320 x 320 x ~600 m. The horizontal dimensions of the grid
were uniform with grid cells spaced 2m apart. The vertical
dimensions of the grid were stretched with increasing vertical
height within the computational domain. The ground layer of
grid cells had a vertical dimension of 1.5 m, while the top layer
of grid cells had a vertical dimension 0f40.8 m. All fuel beds cov-
ered the entire surface of the domain, the topography was flat and
aneutral atmospheric stability was assumed. The pocket param-
eters for the sub-grid mixture—fraction model were held constant
and specifiedatr =0.01 m,/=0.67 - rand a = 2.5. The net effect
of these parameters is to specify the volume of the reacting zone
for known amounts of hydrocarbons. These pocket parameter
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values were chosen because they yielded reasonable and sta-
ble numerical predictions of propagating wildfire flame fronts.
However, future work is needed to more formally determine the
sensitivity of the results to these parameters.

Description of fuel beds

Grass fuel beds consisted of evenly distributed grass at a height
of 0.7 m covering the entire ground layer surface of the domain.
The fuel loading for grass was 0.7 kgm~2 and the initial mois-
ture content of the grass was 5%. Moisture contents were given
on a dry-fuel basis. The surface area per unit volume of fuel
was 4000 m~!. The grass fuel bed specifications in this work
followed the specifications described by Linn and Cunningham
(2005).

The fuel bed for ponderosa pine simulations was modelled
similarly to a previously reported method (Linn et al. 2005). It
consisted of a ponderosa pine canopy distributed across the fuel
layer based on measurements that included detailed tree location
data from a plot surveyed by the USDA Forest Service Rocky
Mountain Research Station. The maximum canopy height was
19.9 m, the average canopy bulk density was ~0.12kgm~> and
the initial moisture content of the canopy was specified as 130%.
Ground layer fuels were distributed below the canopy: litter with
a moisture content of 10% below the canopy and grass with a
moisture content of 5% in areas where the canopy was thinner
or open. The maximum bulk density of both grass and litter was
1.0kgm™.

The fuel bed for chaparral simulations was modelled using
the same routine used for ponderosa pine simulations. However,
in the case of the chaparral fuel beds, the fuel distribution was
not based on data from specific field surveys. The average crown
diameter was 2.5 m with 60% coverage and shrub heights 1-2 m.
The initial fuel moisture content for the canopy was specified as
130%. For the ground layer fuels, the specified moisture contents
were 5% for grass and 10% for litter.

Ignition for all simulations began along a 100 m-long and
4 m-wide strip at a location 60 m downwind from the wind inlet
boundary and centred in the crosswind direction of the domain.
Within this strip of the computational domain, the solid temper-
ature was artificially increased from 300 to 1000 K over 2 s of
simulated time. This ignition method was consistent with pre-
vious simulations performed using the ‘local’ and ‘nonlocal’
models (Colman and Linn 2005; Linn and Cunningham 2005).

Combustible gas properties

The properties of the combustible gas were specified based on
the composition of the hydrocarbon-like gas mixture used in the
‘nonlocal’ model (Colman and Linn 2005). This gas composition
was based on analyses of rapid pyrolysis products for both cel-
lulose and lignin by previous researchers (Hajaligol ef al. 1982;
Nunn et al. 1985). Based on these analyses, the elemental com-
position of the pyrolysis products was assumed to be: 37% (w/w)
carbon, 7% (w/w) hydrogen and 56% (w/w) oxygen.

The species composition of the primary material stream used
in the mixture—fraction model is in Table 1. The same primary
stream properties were used for grass, chaparral and ponderosa
pine simulations in this work, but one could specify primary
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Table 1. Composition of hydrocarbon-like combustible gas used in
mixture—fraction model simulations

Species % (w/w) Species % (W/w)
CO, 16.04 CyHy 349
H,0 15.97 CyHg 0.50
CcO 46.87 CsHg 1.05
H; 2.49 CH;0H 3.98
CHy 5.98 CH3;CHO 3.65

(K)

2000

1500

1000

Equilibrium flame temperature

0.0 0.2 0.4 0.6 0.8 1.0
Mixture—fraction

Fig. 2. Equilibrium flame temperature as a function of mixture—fraction
for the combustion of ‘hydrocarbons’ with air.

stream properties based on the compositions of individual fuel
types.

Mixture—fraction thermodynamic equilibrium
look-up table

The NASA Chemical Equilibrium with Applications program
(McBride and Gordon 1996) was adapted and used to generate
a look-up table of thermodynamic equilibrium solutions cover-
ing the range of mixture—fractions, 0 <f,. < 1. The input primary
material was specified by weight percent of species as listed in
Table 1 at an initial temperature of 700 K. The input secondary
material was specified as air (76.7% (w/w) N2, 23.3% (w/w) O3),
also at a temperature of 700 K. This initial temperature of 700 K
was chosen to roughly approximate the thermodynamic condi-
tions of pre-heated reactants within the vicinity of gas phase
wildland fire combustion. Such an approximation was neces-
sary due to the form of the energy equation in HIGRAD, which
was cast in terms of potential temperature rather than enthalpy.

Product species considered in the equilibrium solution rou-
tine in this study were limited to CHy4, CO;, H>, NH3, N,, OH, C
(solid), CO, H, H,O, NO, O and O, ; however, it is possible to con-
sider any chemical species by either using the extensive NASA
library of thermodynamic properties or manually specifying the
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Fig. 3. Equilibrium product species mole fractions as a function of

mixture—fraction for the combustion of the selected hydrocarbon mixture
with air. Major (a) and minor species (b) with NH3 excluded because its
mole fraction was less than 104,

thermodynamic properties of the species. From the generated
look-up table of thermodynamic equilibrium solutions, values
of combustion flame temperatures as a function of mixture—
fraction are in Fig. 2. Note that the peak flame temperature occurs
at or near the stoichiometric value of the mixture—fraction, which
is 0.188 in this case. Also note that at a mixture—fraction of 1.0,
pure fuel is predicted to react and result in a temperature higher
than the initial temperature of 700 K. This is due to presence of
oxygen within the fuel, which could theoretically react with the
carbon and hydrogen in the fuel to produce heat.

Values of product species mole fractions are in Fig. 3 with
major species plotted in Fig. 3a and minor species plotted in
Fig. 3b. Near the stoichiometric mixture—fraction, the primary
products of combustion are CO, and H»O. However, at more
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Fig.4. Comparison of predicted adiabatic equilibrium flame temperatures
for the combustible gas mixture used in the ‘nonlocal’ and sub-grid pocket
models, methane and a combustible gas mixture from chaparral, assuming
the same elemental composition as the unburned foliage.

fuel-rich mixture—fractions greater than 0.2, CO and H, become
significant combustion products. At very fuel-rich mixture—
fractions greater than 0.6, CH4 and C (solid) are predicted
equilibrium products. C (solid) could be thought of as a soot-
precursor species and the prediction of C (solid) production using
the mixture—fraction equilibrium model may provide an avenue
to incorporation of a simple soot production and transport model.

Equilibrium flame temperature predictions for the selected
hydrocarbon mixture were compared with predicted flame tem-
peratures for methane and for a fuel of elemental composition
based on standard ultimate analysis of the foliage of four
California chaparral species (Pickett 2008), which had an aver-
age elemental composition of 52.17% carbon, 6.43% hydrogen,
1.29% nitrogen and 40.11% oxygen (w/w, dry ash free basis).
Initial reactant temperatures were 700 K, and the species consid-
ered at chemical equilibrium were limited to CO, CO», H, H»,
Hzo, NO, Nz, O, OH, 02, NH3, CH4, C (SOlid), HCN, HNC,
NO; and C,H;. Note that four additional species were consid-
ered in this comparison (HCN, HNC, NO; and C,H>) as the
presence of these species became significant in order to obtain
converged equilibrium solutions for the methane and California
chaparral fuel types. A comparison of flame temperatures for
the three different primary streams is in Fig. 4.

Computational resources used

Numerical simulations were performed on large-scale Linux
clusters at Los Alamos National Laboratory. Each numerical
simulation was run on 64 AMD 2.6 GHz Opteron processors
with ~6h of compute time on 64 processors required to simu-
late 150 s of real time. The compute time for the sub-grid pocket
model was 7% higher than the ‘local”’ FIRETEC model and 3%
higher than the ‘nonlocal’ FIRETEC model.
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Fig. 5. Downwind spread distance v. time from simulated grass fires (a).
Lateral spread distance v. time from simulated grass fires (b).

Crassfire results

Fire downwind spread distance was defined as the distance to the
point farthest downwind where the solid temperature was above
500 K. Lateral spread distance was defined likewise for spread
in the crosswind direction. Overall fire spread rates were deter-
mined by taking the time derivative of the downwind spread
distance using simple linear regression. The downwind spread
distance is plotted for four grass fire simulations (Fig. 5a).
Lateral spread distance is in Fig. 5b. The simulations yielded a
trend of more rapid fire spread at higher inlet wind velocities. In
the 1-ms~! simulation, the fire line narrowed initially indicated
by the negative lateral spread distance. After this initial narrow-
ing, the fire began to propagate with positive lateral spread and
continued to spread laterally throughout the remainder of the
simulation. This behaviour could be attributed to several factors
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Fig. 6. Comparison of downwind spread rates in simulated grass fires.
Results are shown from simulations of the three FIRETEC chemistry models:
‘local’, ‘nonlocal’ and the mixture—fraction models with a comparison to
Cheney et al. (1998).

in the coupled hydrodynamics—fire model; however, isolating
the specific causes is beyond the scope of this paper.

Overall, fire spread rates from the mixture—fraction-based
FIRETEC simulations are compared in Fig. 6 to previously
reported spread rates from ‘local’ and ‘nonlocal’ FIRETEC sim-
ulations (Colman and Linn 2005) and to an empirical correlation
for fire spread in undisturbed, 100% cured natural pasture grass-
lands (Cheney et al. 1998). A similar set of simulations was
performed by Mell ef al. (2007). In all cases, the mixture—
fraction-based model produced simulated spread rates that were
higher than the predicted spread rates from the ‘local’, ‘nonlocal’
and empirical models. Thus the results of the new mixture—
fraction-based model are not necessarily better predictions of
fire behaviour. One possible explanation for the higher rates of
spread observed in the mixture—fraction model simulations is
that the estimation for the heat of reaction was too high. This esti-
mation can be improved in the future by making a better estimate
or calculation of the initial reactant temperature; this work sim-
ply assumed the initial reactant temperature was 700 K. Also, the
mixture—fraction-based pocket model parameters could be fur-
ther refined following more formal sensitivity analysis in future
work. These are two ways that could yield improvements to this
new approach in the future.

A time history of oxygen and hydrocarbon mass fractions and
potential temperature is in Fig. 7a and a time history of mixture—
fraction, f;., and equilibrium product species predictions of CO;
and CO from the sub-grid pocket combustion model is in Fig. 7.
The model results shown in these plots were taken from the
12-ms~! inlet wind grassfire simulation at a point located in the
centre of the domain and within the fuel bed (i.e. computational
cell number [80, 80, 1] out of a domain of 160 x 160 x 41 cells).
Fig. 7a shows that as the fire front approaches the point, the
potential temperature increases sharply, the oxygen mass frac-
tion decreases to a minimum and the hydrocarbons mass fraction
increases to a maximum. This occurs as combustible hydrocar-
bons are produced via pyrolysis and then subsequently react in
the gas phase. Fig. 7b shows that as the fire front approaches the
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Fig.7. Time histories for one point located in the fuel bed and in the centre
of the domain for a grass fire simulation at 12 m s~ inlet wind velocity. Cell
mass fractions of gas phase oxygen and hydrocarbons are plotted on the
left-hand ordinate (@) with potential temperature plotted on the right-hand
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by 1000 for it to be visible on the same scale as the oxygen mass fraction. The
predicted equilibrium mass fractions of combustion products CO; and CO
are plotted on the left-hand ordinate (b) with mixture—fraction, £, plotted on
the right-hand ordinate.

point, the sub-grid pocket combustion model begins to predict
CO; and CO as equilibrium combustion products. Note that the
peaks in the product mass fraction of CO correspond with the
peaks in the mixture—fraction. As shown in Fig. 3a, CO pro-
duction is generally enhanced under fuel-rich conditions (i.e.
higher values of the mixture—fraction). For this reason, as the
mixture—fraction reaches a maximum, the CO equilibrium prod-
uct mass fraction also reaches a maximum. It should be noted that
the mixture—fraction never reached a value greater than 0.6 and
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Fig. 8. Downwind spread distance v. time from simulated chaparral fires
(a). Lateral spread distance v. time from simulated chaparral fires (b).

C (solid) was not predicted in the equilibrium products. There-
fore, relying on the prediction of C (solid) production as a soot
precursor would not be useful in this case.

Chaparral and ponderosa results

Figs 8 and 9 show plots of downwind spread distance and lateral
spread distance for chaparral and ponderosa pine simulations
preformed using the mixture—fraction model. Steady downwind
and lateral spread was observed in all four chaparral simula-
tions. However, in the ponderosa pine simulations, continuous
downwind and lateral spread was only observed in the higher
inlet wind velocity cases at 6 and 12ms~!. In the 3-ms~! inlet
wind velocity simulation, the fire propagated downwind but
became narrower with time. The same behaviour was observed
inthe 1-m s~! inlet wind velocity simulation, except in that case,



210 Int. J. Wildland Fire

300 T T T T
/
250 // ~ 1
—_ //
£ / e
3 / 7
e 200 - - -
2 /o
he) 7 //
e | -
g 150 / ///
a r
N /
2 100p7S .
g U
9 [/
Ambient wind velocity (m s~ )
50~ 12 - —6 ||
——— 3 e 1
0 | | | |
0 100 200 300 400 500
Time (s
(b) (s)
100 T T T T
80 - ]
B
[0]
o
C
]
k7] .
©
el
®©
9_.) ]
Q.
w
©
(0] ]
©
|
- |
—40 | | | |
0 100 200 300 400 500
Time (s)

Fig.9. Downwind spread distance v. time from simulated ponderosa pine
fires (a). Lateral spread distance v. time from simulated ponderosa pine
fires (b).

the narrowing caused the fire to quickly become extinguished.
Little to no crowning occurred in the ponderosa pine simula-
tions, perhaps due in part to the high moisture content (130%)
specified for the canopy fuels.

Conclusions

A new sub-grid, gas phase chemistry model for FIRETEC was
developed, implemented and demonstrated in a test suite of
simulations that included grass, California chaparral and pon-
derosa pine fuel beds at inlet wind velocities of 1, 3, 6 and
12ms~!. This sub-grid model was based on the assumption
that combustible gases reside within spherical pockets. Combus-
tion flame temperatures and product species compositions were
calculated assuming thermodynamic equilibrium. The modelled
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pocket parameters r, / and a were held constant in this study; how-
ever, future work will explore ways to allow these parameters,
in particular the pocket radius (7) to vary dynamically with the
combustion conditions. This would allow the fuel to air ratio to
vary in the model but it is not clear what the implications would
be for allowing these parameters to vary.

Grassfire simulation results were reasonable, compared with
the simulation results of earlier FIRETEC models and the cor-
relation from Cheney et al. (1998), thus demonstrating the
feasibility of the model and potential for future development
in this area of wildfire modelling research. The capability to
predict many combustion products may allow for development
of a soot transport model based on the fractions of soot pre-
cursor species produced by gas phase combustion. Currently,
there is not an explicit soot production and transport model in
FIRETEC, and perhaps having a method for predicting soot pro-
duction would open up avenues for improving the radiative heat
transfer model. Equilibrium predictions of CO and CO; from
the simulation results were also shown. Though the mixture—
fraction approach with equilibrium chemistry model predicts
these and other combustion product species, conservation equa-
tions for individual species (other than oxygen) are not included
in the overall hydrodynamics model. Nevertheless, the develop-
ment of this mixture—fraction pocket model, which is capable of
predicting detailed combustion product species, opens up future
avenues for landscape-scale CFD wildfire model development.
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Appendix
Nomenclature used in this paper

a, flame-sheet thickness ratio

cr, FIRETEC reaction rate coefficient

¢p, heat capacity (J kg7' K1

F, combined solid-gas reaction rate in FIRETEC (kgm 3 s™!)

Jair, mixture-fraction of air in a computational cell (excludes

_ unreacted, combustible, hydrocarbon-like gas)

feell, mean mixture-fraction in a computational cell

Fgus, gas reaction rate in FIRETEC (kg m—3 s_l)

JHCpocker, mixture-fraction of spherical pockets composed of
pure, unreacted, combustible, hydrocarbon-like gas; by
definition equal to 1

fr, mixture-fraction of reacting mixture

Fsoiia, solid reaction rate in FIRETEC (kgm™3 s 1)

AH,x,, heat of reaction (J kg_l)

AHjensible, change in sensible heat (J kg_l)

/, flame-sheet thickness parameter (m)

M, molecular weight of air (kg mol_l)

Mpc, molecular weight of combustible, hydrocarbon-like gas
(kgmol ™)

Nrc, mass ratio of reactive gas that reacts with oxygen

N,, mass ratio of oxygen that reacts with a reactive gas

P, pressure (atm)

r, radius of a spherical pocket of combustible,
hydrocarbon-like gas (m)

R, gas constant (m> atm K~! mol~!)

Sy, turbulent length scale (m)

T,ir, temperature of reacting air (K)

Tfiame, flame temperature predicted by chemical equilibrium

_(K)

T g45, average gas temperature (K)
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THc, temperature of reacting, combustible, hydrocarbon-like
gas (K)

Vi, specific volume of reacting air (m> kg~!)

Vair.r» volume of reacting air (m3)

Vue, specific volume of reacting, combustible,
hydrocarbon-like gas (m3 kg™!)

Vuc.r, volume of reacting combustible, hydrocarbon-like
gas (m?)

Greek symbols

Aof » stoichiometric coefficient

7r, mathematical constant

7, total gas density (kgm™3)

Oair.r» bulk density of reacting air (kg m~)

Ef, bulk density of vegetation (kgm~3)

Prc» mean bulk density of combustible hydrocarbon-like
vapours in the gas phase (kgm™)

pHC.r» bulk density of reacting, combustible, hydrocarbon-like
gas (kgm™?)

Po» mean bulk density of oxygen in the gas phase (kgm™)

Ep, mean bulk density of primary mass in the gas phase
(kgm™?)

Pref» reference density, 1kg m~3 (kgm™3)

Py, mean bulk density of secondary mass in the gas phase
(kgm™?)

Oem, turbulent mixing term (m?s~!)

¢, volume fraction of reacting gas

X, fraction of reacting mixture that consists of pure,
combustible, hydrocarbon-like gas

v, fraction of solid fuel that is above T,

W,, fraction of gaseous fuel that is above Ty



