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Abstract. Formulation of a physics-based model, capable of predicting fire spread through a single elevated crown-like

shrub, is described in detail. Predictions from the model, obtained by numerical solutions to governing equations of fluid

dynamics, combustion, heat transfer and thermal degradation of solid fuel, are found to be in fairly good agreement with

experimental results. In this study we utilise the physics-based model to explore the importance of two parameters – the

spatial variation of solid fuel bulk density and the solid fuel moisture content – on the burning of an isolated shrub in

quiescent atmosphere. The results suggest that vertical fire spread rate within an isolated shrub and the time to initiate

ignition within the crown are two global parameters significantly affected when the spatial variation of the bulk density or

the variation of fuel moisture content is taken into account. The amount of fuel burnt is another parameter affected by

varying fuel moisture content, especially in the cases of fire propagating through solid fuel with moisture content

exceeding 40%. The specificmechanisms responsible for the reduction in propagation speed in the presence of higher bulk

densities and moisture content are identified.
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Introduction

The number of investigations using physics-based modelling to

understand the behaviour of wildland fires has been lately

increased. In physics-based modelling, both physical and

chemical phenomena are taken into account to describe the fire

behaviour (Sullivan 2009). Physics-based models, which seek

numerical solutions to the governing physical equations, though

much slower than real time, can be applied directly to a wide

variety of scenarios. A review article recently published by

Morvan (2011), discusses and compares the main features of

four physics-based models including FIRESTAR, FIRETEC,

WFDS and our model (Zhou et al. 2007; referred to therein as

FIRELES). Several differences exist among these models,

including: turbulence modelling approach, gas-phase combus-

tion model, physical domain size, mesh size, etc. FIRESTAR

uses an ensemble averaging approach to obtain the set of gov-

erning equations, which are then solved on a two-dimensional

domain. On the other hand, in FIRETEC,WFDS and our model,

the governing equations are based on large eddy simulation and

the computational domain is three dimensional.

In this paper, we present a detailed formulation of our

physics-based model applicable to the simulation of laboratory-

scale fires. We use the model to study a configuration

involving a 0.1 m-deep surface fuel bed, and elevated crown

fuel situated 0.2m above the surface fuel. The crown fuel

represents a chamise (Adenostoma fasciculatum) shrub.

Following the model formulation, we concentrate on two

important physical parameters that influence fire spread rate

to varying degrees: the spatial variation of the crown fuel bulk

density and the fuel moisture content.We conduct the validation

of the model through comparing its results against available

experimental results. A laboratory-scale fire study, similar to

our study, has been recently reported by Mell et al. (2009) who

conducted experiments on the burning of a Douglas-fir (Pseu-

dotsuga menziesii) tree to validate WFDS. Unlike in our study,

the tree was modelled with a constant bulk density throughout

the canopy volume and char oxidation was neglected. It is noted

that some of the previous studies modelling large-scale fires

have accounted for the non-uniform distribution of vegetation

mass (see Grishin 1997 for details); however, studies conducted

specifically on fire propagation through fuel beds describe a fuel

matrix with a uniform distribution (Porterie et al. 2000; Morvan

and Dupuy 2001; Zhou et al. 2005, 2007; Mell et al. 2007).

In this work we investigate the role of spatial variation of

crown fuel bulk density, in determination of fire behaviour. The

crown fuel bulk density refers to oven dry mass of foliage and

small twig (less than 3mm in diameter) per unit volume of

canopy (Tachajapong 2008). Recent experimental measure-

ments reveal that the bulk density of a chamise shrub, for

instance, varies as a function of vertical height from its base

and this variation is approximated with a cubic polynomial fit

(Li 2011). The effect of two types of modelling of a solid fuel
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matrix on fire spread rates is studied here. In one, no spatial

variation for the bulk density within a shrub is considered

(i.e. fixed bulk density (FBD)), whereas in the other the spatial

variation of the bulk density is accounted for (i.e. a distributed

bulk density (DBD) model is implemented).

The second focus of this work concerns the effect of fuel

moisture on fire spread rates. From numerous field studies and

experimental work (Anderson 1969; Pickford et al. 1980;

Renkin and Despain 1992; Manzello et al. 2007), it is well

known that solid fuel moisture content, formally defined as the

mass of moisture per unit mass of dry solid fuel, influences fire

spread phenomena considerably. Foliar moisture content is

shown to be an important parameter in determination of quantity

of heat required to initiate ignition in crown fuels (VanWagner

1977). Rothermel (1972) defined moisture of extinction as a

threshold value ofmoisture content beyondwhich self-sustained

combustion cannot occur inside the solid fuel matrix. Dimitra-

kopoulos and Papaioannou (2001) conducted flammability tests

on various Mediterranean forest fuels under varying fuel mois-

ture content and expressed the relationship between ignitability

of the fuel and its moisture content with a linear regression fit.

This model has been used to demonstrate that variation of time-

to-ignition for different fuel samples can be explained through

only one parameter: fuel moisture content. Babrauskas (2008)

studied effects of fuel moisture content on burning of Douglas-

fir trees, with important findings summarised as follows: sam-

ples with moisture content less than 30% were reported to burn

completely with a rapid fire spread through the crown after

ignition; samples withmoisture content ranging from 30 to 70%,

even though ignited successfully, were only partially consumed

by the fire; and for samples with moisture content larger than

70%, only a small portion of crownmass was burnt beyondwhat

is supported by the ignition mechanism.

In the next section, the methodology employed in the current

study including various physical models adopted, is discussed

in detail.

Mathematical models

Large eddy simulation (LES) is the method of choice to deal

with turbulence in this study. In LES, given a generic field

variable f(x,t), which is a function of position vector x and time t,

application of spatial filtering is expressed as:

!f ðx; tÞ ¼

Z
f ðx0; tÞGðx; x0;DÞdx0 ð1Þ

where the overbar denotes a spatially filtered quantity. Here,

G is a filter kernel function satisfying
R
G(x,x0; D)dx0 ¼ 1, with

D denoting the filter width, and the integration being performed

over the spatial domain of interest. In this work a top-hat filter

function in physical space is used to perform the filtering of

transported quantities. The filter size is given by D¼ (DV)1/3,

where DV is the volume of the computational cell. For com-

pressible flows, it is more convenient to work with density-

weighted or Favre-filtered field quantities (Speziale et al. 1988),

defined with a tilde as follows:

~f ðx;tÞ $ rf =!r ð2Þ

The solid fuel matrix is modelled as a porous medium with

gas phase porosity (x) and a packing ratio characterising the

solid phase (b) (Larini et al. 1998). Because the solid phase

contains multiple species (e.g. foliage and branches) we define

b ¼
PnL
L¼1

bL, where bL denote the fractional volumes occupied by

the Lth solid species, and nL is the total number of solid phase

species. For a given typical control volume:

xþ
XnL

L¼1

bL¼ 1 ð3Þ

ensures the conservation of volume and forms the basis of the

multiphase formulation. The specificwetted area per unit volume

(AL) for the Lth solid phase is defined as AL5bLsL, where sL is

the surface area to volume ratio for theLth solid phase. In the case

of cylindrical fuel elements, sL can be approximated via sL¼
4/dL (Countryman and Philpot 1970), where dL denotes the

diameter of fuel particles from the Lth solid phase.

Gas-phase equations

The mathematical model for turbulent, compressible (lowMach

number), reacting flows in the context of LES, includes the

following set of governing equations:

@!r

@t
þ
@!r~ui
@xi

¼
XnL

L¼1

!SL ð4Þ

@!r~ui
@t

þ
@!r~ui~uj
@xj

¼
@

@xj
f&!rðguiuj & ~ui~ujÞg

&
@!p

@xi
þ
@!tij
@xj

þ !rgi &
XnL

L¼1

!FL;i ð5Þ

@!r~h

@t
þ
@!r~uj~h

@xj
¼

@

@xj
&!r fujh& ~uj~h

! "n o
&
@!qi
@xi

þ
@!qrad;i
@xi

&
XnL

L¼1

!qconv;L þ
XnL

L¼1

ð1& XcÞ!_mchar;LE
char
L þ

XnL

L¼1

~hSL ð6Þ

@!r~YK

@t
þ
@!r~uj~YK

@xj
¼

@

@xj
&!r gujYK & ~uj~YK

! "n o

&
@!qK;i
@xi

þ
XnL

L¼1

!SL;K þ !oK ð7Þ

!p0 ¼ !r~TRu

XnK

K¼1

~YK

WK

ð8Þ

Here Eqns 4–7 are the respective filtered conservation

equations for mass, ith component of momentum, energy and

Kth gas phase species. Eqn 8 is the state equation for a

multicomponent system of ideal gases, where !p0 is the back-

ground pressure (Rehm and Baum 1978), which is assumed
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constant and equal to one atmosphere, Ru is the universal gas

constant, WK denotes the molecular weight of the Kth gaseous

species and nK is the total number of gaseous species. In the

above set of equations, !r is the filtered gas mixture density, xi is

the component of the position vector in the ith direction, ~ui
denotes the component of Favre-filtered velocity along xi and t

denotes time. In Eqn 4, the source term !SL, is the filtered mass

production rate resulting from decomposition of the Lth solid

phase to gas phase. Term !SL is non-zero only within the solid

fuel matrix.

In Eqn 5, !p denotes the filtered first order pressure (Rehm and

Baum 1978), gi is the gravitational acceleration vector, !FL;i is the

filtered ith component of the drag force resulting from the

interaction between the gas and Lth solid phase; it is non-zero

onlywithin the fuel bed. A simplemodel for the drag force, of the

form !FL;i ¼ 0:5CD;L!rALj~uj~ui, applicable to cylindrically shaped
solid particles, is used. The drag coefficientCD,L for the Lth solid

phase is approximated as proposed by Clift et al. (1978):

CD;L ¼
24 1þ 0:15Re0:687dL

! "

RedL
ð9Þ

where, RedL is the Reynold number defined in the ‘Solid-phase

equations’ section.

The quantity !tij in Eqn 5 represents the filtered viscous stress

tensor, which is modelled using the standard Newtonian model

based on filtered quantities:

!tij ¼ &
2

3
m
@~uk
@xk

dij þ m
@~ui
@xj

þ
@~uj
@xi

# $

ð10Þ

Here m is the dynamic viscosity of the gaseous mixture evaluated

using a power law based on filtered temperature as in Bird (1994):

m ¼ m0 ~T=T0
% &0:6756

ð11Þ

where m0¼ 1.983' 10&5 kgm&1 s&1 and T0¼ 300K.

In the filtered gas-phase energy equation (Eqn 6)

~h ¼
PnK

K¼1
~YK Dh0f ;K þ

R T
T0
!cp;Kð~TÞd~T

! "

is the gas mixture

enthalpy, Dh0f ;K , !cp;K and ~T are respectively the standard

enthalpy of formation, heat capacity of the Kth gaseous species

and the Favre-filtered gas temperature. nK is total number of

gaseous species. Curve-fit coefficients given inKee et al. (1990)

are used to calculate !cp;K values. The quantity !qi is the filtered

heat flux vector modelled using the standard Fourier law based

on filtered quantities as:

!qi ¼ &
m

Pr
~cp

@~T

@xj
ð12Þ

where Pr (¼ 0.7) is the Prandtl number and ~cpð~TÞ¼PnK
K¼1

~YK

R T
T0
!cp;Kð~TÞd~T , is the specific heat of the gas mixture.

The filtered source term !qconv;L denotes the convective heat

transfer rate per unit volume between gas and the Lth solid phase,

and !qrad;i is the radiative heat flux. The last two terms on the

right-hand side (RHS) of Eqn 6 respectively describe the heat

released from the heterogeneous combustion of char with oxygen

and enthalpy associated with gases generated from thermal

degradation of solid fuel. These terms are non-zero only within

the solid fuel matrix. Here, !_mchar;L is the rate of char mass

consumption per unit volume, Echar
L denotes the specific enthalpy

associated with char combustion for the Lth phase and Xc

(assumed to be 0.5 for all nL solid phases (Baum and Street

1971)) is a fraction denoting the distribution of enthalpy of char

combustion between the solid and gaseous phases.

In Eqn 7, ~YK is the mass fraction of the gas-phase species K,
!SL;K is the filtered production rate of the gas phase species K

resulting from the decomposition of the Lth solid phase, and !oK

is the filtered production rate of the gas-phase species K due to

chemical reactions in the gas phase. In Eqn 7, !qK;i is the species

diffusion flux modelled with the standard Fick’s law:

!qK;i ¼ &
m

Sc

@~YK

@xj
ð13Þ

where Sc is the Schmidt number with a constant value of 0.7 for

all species. Finally, the constraint
PnK

K¼1
~YK ¼ 1 is imposed to

solve for the mass fraction of the nKth species, often assumed to

be gaseous nitrogen, N2. The model for !oK is described in the

‘Gas-phase combustion model’ section.

The first terms on the RHS of Eqns 5–7 represent the

unresolved scales of respective transported quantities, arising

due to the filtering operation. In Eqn 5, sij $ !r guiuj & ~ui~uj
% &

is

the subgrid-scale stress, calculated according to the Smagor-

insky model (Yoshizawa 1986):

sij ¼ &2CRD
2
!r

ffiffiffiffi

P
p

~Sij &
1

3
~Skkdij

# $

þ
2

3
CID

2
!rPdij ð14Þ

The second term on the RHS of Eqn 14 containing model

constantCI is neglected here due to its negligible contribution in

low Mach number flows (Erlebacher et al. 1992). The resolved

rate of strain tensor is:

~Sij ¼
1

2

@~ui
@xj

þ
@~uj
@xi

# $

ð15Þ

where P ¼ ~Sij~Sij and subgrid eddy viscosity is:

mt ¼ CRD
2
!r

ffiffiffiffi

P
p

ð16Þ

Here, the model constant CR is evaluated using a dynamic

procedure proposed by Germano et al. (1991) with a modifica-

tion made by Lilly (1991):

CR ¼
LijMij &

1
3
LkkMijdij

2MlmMlm

ð17Þ

where tensors Mij and Lij are functions of ~Sij and P. The

calculation of these functions involves another filtering opera-

tion called test filtering that uses a test filter of size D̂, larger than

the grid size. In this work, the ratio of the test filter size to the
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grid size is set to D̂=D ¼ 2 (Germano et al. 1991). A detailed

procedure for the calculation ofMij and Lij can be found in Lilly

(1991) with an extension made by Ghosal et al. (1995) to the

statistically inhomogeneous flows. In Eqn 6, the subgrid scale

energy flux is modelled as:

!r ujh& ~uj~h
% &

¼ &
mt
Prt

~cp
@~T

@xj
ð18Þ

and in Eqn 7, the subgrid scale mass flux is modelled as:

!r ujYK & ~uj~YK

% &

¼ &
mt
Sct

@~YK

@xj
ð19Þ

where Prt and Sct are respectively subgrid scale Prandtl and

Schmidt numbers; both are assumed to be equal to 0.7 (Branley

and Jones 2001).

Solid-phase equations

For simplicity, the solid-phase fuel is considered stationary

before, during and after the flame front has passed. The mass

balance equation for the Lth solid phase is given by:

d !mL

dt
¼ &!_mL;H2O & !_mL;pyr & !_mL;char ð20Þ

where !mL is the filtered mass per unit fuel bed volume of the Lth

solid phase species, which in turn includes the filtered mass per

unit fuel bed volume of water (!mL;H2O), pyrolysis gases (!mL;pyr)

and char (!mL;char). The corresponding filtered mass loss rate

terms are denoted by !_mL with appropriate subscripts, and are

deduced from Arrhenius-type laws. Because no data are cur-

rently available for burning of chaparral fuels, models proposed

for pine needle combustion (Porterie et al. 2000) are used as

follows:

d !mL;H2O

dt
¼ &!_mL;H2O ¼ &6:0' 105!T&0:5

L mL;H2Oexp
&5800

!TL

# $

ð21Þ

d !mL;pyr

dt
¼ &!_mL;pyr ¼ &3:63' 104mL;pyrexp

&7250

!TL

# $

ð22Þ

d !mL;char

dt
¼ &!_mL;char ¼ &

1

r1
430ALrO2

exp
&9000

!TL

# $

ð23Þ

where r1 is the oxygen to carbon stoichiometric mass ratio and

rO2
is the density of oxygen. The filtered production rate of Kth

gaseous species, !SL;K (for water, and other gases released as a

result of drying, pyrolysis and char combustion), present in

Eqn 7 are given by:

!SL;H2O ¼ !_mL;H2O ð24Þ

!SL;CO2
¼ !_mL;pyrgCO2

þ !_mL;charr2 ð25Þ

!SL;O2
¼ !_mL;pyrgO2

& !_mL;charr3 ð26Þ

!SL;K ¼ !_mL;pyrgK ð27Þ

where gK is the fraction of the Kth gaseous species released via

pyrolysis. The quantities r2 and r3 denote respectively the mass

of gaseous CO2 formed and O2 consumed per unit mass of solid

carbon burnt via char combustion, modelled using C þ O2 -

CO2. Note that production of CO2 and consumption of O2 during

char combustion is accounted for in Eqn 23. The filtered

conversion rate of solid mass to gaseous mass !SL, appearing in

Eqn 4, is given by:

!SL ¼
XnK

K¼1

!SL;K ð28Þ

The difference in sL for foliage and branches with different

size is pronounced and hence it is reasonable to model the solid

fuel matrix (shrub) as consisting of two phases: foliage (higher

value of sL) and branches (lower value of sL). In the current

work, 53% of the total solid mass per unit volume is that of

foliage and 47% of the total solid mass is due to branches, as

reported in Tachajapong (2008) for chamise shrubs. Surface

area to volume ratio for foliage is taken to be 8000m&1 and that

for branches is 1800m&1; physical density for foliage and

branches are 500 and 600 kgm&3 (Countryman and Philpot

1970). At the subgrid scales, the solid fuel mass is assumed to

have a uniform distribution. All nL solid-phase species in a given

fuel matrix are assumed to have the same moisture content.

Assuming that solid fuel particles are thermally thin (Atreya

1998), the energy balance equation for the Lth solid phase is:

dð!cp;L !mL
!TLÞ

dt
¼ !qconv;L þ !qrad;L þ !qmass;L ð29Þ

where !cp;L ¼ 1.3 kJ kg&1K&1 (Ragland et al. 1991) denotes the

filtered specific heat of the Lth solid phase (assumed equal for all

nL phases) and !TL represents the filtered solid phase temperature.

In Eqn 29:

!qconv;L ¼ ALhcð~T & !TLÞ ð30Þ

The heat transfer coefficient appearing in the above equation is

deduced from the Nusselt number for the solid phase as

NuL ¼ hcdL=l ¼ 0:683Re0:466dL
, where l is the gas-phase thermal

conductivity, and the Reynolds number RedL , is based on the

diameter of the Lth fuel particle, the filtered gas-phase velocity

and kinematic viscosity.

In Eqn 29, !qmass;L, is modelled as:

!qmass;L ¼ &!_mL;H2OE
H2O & !_mL;pyrE

pyr þ Xc
!_mL;charE

char ð31Þ

where E values with appropriate superscripts denote the associ-

ated enthalpies for the process of vaporisation, pyrolysis, and

char combustion. The values used for these parameters in the

present study are EH2O¼ 2250 kJ kg&1, Epyr¼ 0.418 kJ kg&1

(Grishin 1997) and Echar¼ 32 740 kJ kg&1 (Ragland et al.

1991). Here, !qmass;L represents the amount of heat exchanged

between the gas and Lth solid phases.
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The quantity !cp;L is deduced from the constant values for dry

wood material and water (cdryp , cH2O
p ), and the filtered mass

fraction of moisture !YH2O
L , in the Lth solid phase:

!cp;L ¼
%

1& !YH2O
L

&

cDryp þ !YH2O
L cH2O

p ð32Þ

The model for !qrad;L in Eqn 29 is described in the following

section.

Radiative heat transfer

The radiation transport equation (RTE) for an absorbing emit-

ting, non-scattering two-phase media is written following Larini

et al. (1998):

mi;j
@x~I i
@xj

¼ xag
s~T

4

p
& ~I i

 !
þ
XnL

L¼1

aL
s!T 4

L

p
& ~I i

# $

ð33Þ

where ~Ii denotes the filtered radiation intensity per unit time per

unit solid angle per unit area normal to the direction ~Oi and mi,j
denotes the direction cosines associated with this direction with

respect to the Cartesian coordinate directions xj. No summation

is carried over index i. Here we have invoked the grey gas

assumption, which is appropriate for fires from vegetative fuels

(Mell et al. 2007). The total radiation intensity per unit time and

unit normal area is then computed via:

G ¼

Z

4p

~I idOi ð34Þ

UsingG from this equation, the radiation heat source term in

the energy equations for gas-phase and Lth solid phase, viz.,

Eqns 6 and 29 are computed as:

@!qrad;i
@xi

¼ xagðG & 4s~T4Þ ð35Þ

!qrad;L ¼ aLðG & 4s!TL
4
Þ ð36Þ

where ag and aL respectively denote the absorption coeffi-

cients for the gas and Lth solid phase and x is the gas-phase

porosity as defined in Eqn 3. For propagation of a surface

fire through pine needles or excelsior fuel beds, experimental

measurements of the heat fluxes received by a radiometer

have shown that the model, aL¼bLsL/4 is appropriate

(Butler 1993). In the case of ag, we make the grey gas

assumption and use the empirical model proposed by Kaplan

et al. (1996), as follows:

ag ¼ 0:1ð!XCO2
þ !XH2OÞ þ 1862 ~fv~T ð37Þ

in units of per metre, noting that temperature is in Kelvin.

Though gas-phase species contribute negligibly to ag as com-

pared with soot, they are retained for the sake of generality. The

soot phase absorptivity shown in the last term of Eqn 37 is that

used in the RadCal package (Grosshandler 1993).

Soot particle transport and chemistry

Sophisticated models for soot particle evolution have been

developed and used in the context of hydrocarbon–air turbulent

jet flames (Wang et al. 2005; Mehta et al. 2010). Due to the lack

of information on generation of soot from cellulosic fuels, we

have retained a simple model in this work, which only accounts

for evolution of soot volume fraction along with existing semi-

empirical models, as described below. The soot volume fraction

is evaluated via the model transport equation:

@!r~fv
@t

þ
@!rð~uj þ ~uthj Þ

~fv

@xj
¼

@

@xj
&!r fujfv & ~uj~f v

! "n o
&
@!qfv ;i
@xi

þ !ofv

ð38Þ

In the above equation, ~uthj is the filtered thermophoretic

velocity modelled by Kaplan et al. (1996) as:

~uthj ¼ &0:54
!m

!r

@ln~T

@xj
ð39Þ

where the instantaneous value of temperature is replaced by the

filtered value (Dong andChen 2011). The quantity !qfv;i in Eqn 38

is the filtered soot diffusion flux vector, modelled using the

standard Fick’s law based on the filtered quantities as:

!qfv;i ¼ &
m

Sc

@~f v
@xj

ð40Þ

and the subgrid scale flux of soot is modelled as:

!r fujfv & ~uj~f v

! "

¼ &
mt
Sct

@~f v
@xj

ð41Þ

A semi-empirical model based on the work of Kaplan et al.

(1996), for the source term !ofv in which filtered quantities are

used, is utilised. This model assumes that soot is formed

primarily via pyrolysis of the solid fuel and neglects soot

formation via combustion reactions occurring in the gaseous

phase, and is given as:

!ofv ¼
!r

rsoot
0:01!_ms;pyr &

6~f v
dsoot

WNSC

 !
ð42Þ

where rsoot denotes the density of solid soot particles, which is

taken to be 1800 kgm&3. A typical soot particle diameter value

of dsoot¼ 10 mm is assumed. The sink term in Eqn 42 models

soot oxidation via the Nagle and Strickland (NSC) oxidation

mechanism, given by (Nagle and Strickland-Constable 1962):

WNSC ¼ 120
kAPO2

1þ kzPO2

wþ PO2
ð1& wÞ

( )

ð43Þ

where

w ¼
1

1þ kT
kBPO2

ð44Þ
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Here, PO2
is the partial pressure of oxygen and various

reaction rates kA (kgm&2 s&1 atm&1), kB (kgm&2 s&1 atm&1),

kT (kgm
&2 s&1), kz (atm

&1) occurring in the expression ofWNSC

depend on the temperature in the following way (Nagle and

Strickland-Constable 1962):

kA ¼ 200 expð&30 000=R~TÞ ð45Þ

kB ¼ 4:46' 10&2expð&15 200=R~TÞ ð46Þ

kT ¼ 1:51' 106expð&97 000=R~TÞ ð47Þ

kz ¼ 21:3 expð4100=R~TÞ ð48Þ

Gas-phase combustion model

The filtered chemical reaction rate terms appearing in the gas

phase species transport equation (Eqn 7) are modelled using the

flame surface density-based approach proposed by Zhou and

Mahalingam (2002). Briefly, this filtered reaction rate is

modelled as:

!oK ¼ _MK
!S ð49Þ

where _MK is the production or consumption rate of the Kth

species per unit flame surface area per unit time (i.e. the flamelet

consumption rate) and !S denotes the available flame surface area

per unit volume (i.e. the filtered flame surface density). The

flamelet consumption rate is pre-computed for a steady, laminar,

opposed flow diffusion flame of pyrolysis gas and air, for various

strain rates using OPPDIF code (Kee et al. 1989) and stored in a

lookup table which can be used while performing large eddy

simulation. A one-step global reaction is described as follows:

aCH4 þ bCOþ cCO2 þ dH2 þ eðO2 þ 3:762N2Þ

! ðaþ bþ cÞCO2 þ ð2aþ dÞH2Oþ e3:762N2 ð50Þ

where e¼ 0.5(4aþ bþ d) is used as the gas-phase chemistry

model (Zhou and Mahalingam 2003). Term !S is modelled by
!Sðx; tÞ ¼ jrZðx; tÞjstPLðZst; x; tÞ, where Z is the mixture frac-

tion (Zhou and Mahalingam 2003). Here, jrZjst is the condi-

tional filtered value of the mixture fraction gradient along the

stoichiometric isosurface and PL(Zst; x,t) is the filtered probabil-

ity density function of Z, defined according to its mean, its sub-

grid scale variance and assuming a b function distribution.

Further description and details on modelling of these quantities

can be found in Zhou et al. (2004).

Numerical methods and simulation setup

Fig. 1b shows the computational domain and the fuel setup. The

dimensions of the computational domain are 1.6, 3.2 and 1.6m

in x, y and z directions. Our computations reveal that the results

could be somewhat affected if the dimension of the domain in

the vertical direction (y direction) is too short, e.g. 1.6m.

However, we have found that the results become insensitive to a

change of the value of this dimension from 3.2 to 4.0m. The

rationale for the simulation setup (surface and crown fuel

dimensions etc.) is guided by previous experimental conditions

as discussed in the ‘Results’ section. The governing equations

described in the ‘Mathematical models’ section are discretised

in a three-dimensional Cartesian coordinate systemon a uniform

rectangular mesh, using finite-volume formulation and collo-

cated variable arrangement.

For the gas-phase equations, the quadratic upwind interpola-

tion for convective kinematics with estimated streaming terms

(QUICKEST) finite volume scheme proposed by Leonard

(1979), has been implemented. The QUICKEST scheme uses a

quadratic upwind procedure for spatial discretisation of convec-

tive and diffusive terms of transport equations while using an

explicit quadratic Leith-type of temporal discretisation method.

Thus it maintains third-order accuracy in space and time.

A detailed formulation of this scheme in multidimensional flows

can be found in Pereira and Sousa (1993). Calculation of the time

step is based on satisfying stability criteria dictated by Courant

numbers, which are defined based on cell face convective

velocities. To solve for pressure–density–velocity coupling,

a fractional step method similar to that proposed by Kim and

Moin (1985) is used, with the difference that our time integration

procedure is fully explicit. Here, the momentum equations are

solved at the first inner iteration without accounting for the

pressure term. These momentum values are then projected on

the continuity equation to obtain a Helmholtz equation for

pressure (Mahesh et al. 2006). In every time step, several inner

iterations are performed until density and momentum, at the new

time step, satisfy the mass conservation equation within a

specified error limit. The solid phase equations are time

integrated using the forward Euler method.

The grid resolution used is 80' 160' 80 in x, y, and z

directions. The computations in the code are preformed through

parallel processing, based on theMPI (messagepassing interface)

protocol. All computations are done using 40 processors of a

dense memory cluster (DMC, located at Alabama Supercomput-

ingCenter, Huntsville,AL) and 12GBofmemory. TheCPU time

and the wall time for 100 s of fire spread simulation respectively

are ,5000 and 125 h. The LES model discussed above is based

on an implicit filtering approach, in which changing the grid

resolution causes the LES results to change. This change of

results continues as the resolution increases until the results

converge to the DNS (direct numerical simulation) results

(Gullbrand and Chow 2003; Janicka and Sadiki 2005; Boudier

et al. 2008). This means that LES converges to DNS when the

grid size is in the order of the Kolmogorov length scale. Also, in

chemically reacting flows, additional complications exist. For

example, chemical reaction zones are smaller than the smallest

turbulence length scales and resolving them completely is com-

putationally demanding.Because of this, the grid resolution study

is not relevant to the LES modelling based on the implicit

filtering. Our approach in selecting this grid resolution was

guided by the extensive grid independence study carried out in

a closely related work (Zhou et al. 2005; governing equations

based on Unsteady-RANS and two-dimensional computations);

where the solid phase combustion model, thermal radiation
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model and the computational parameters involved are exactly the

same as those used by us. Later Zhou et al. (2007), using the same

LESmodel and grid resolution (discussed above), showed a good

comparison between computational and experimental results.

Therefore the grid resolution chosen represents a balance in

obtaining results that are considered nearly independent of

computational parameters.

The entire computational domain is initialised with zero

velocities. Open boundary conditions, wherein gradients normal

to boundary are set to zero, are implemented for all except the

bottom boundary. A closed boundary condition is used for the

bottom, i.e. no inflow or outflow can take place through this

boundary.

The discrete ordinates method (DOM) proposed by Chan-

drasekhar (1960) is used to compute intensities in n discrete

directions per octant. The value of n is given by N(Nþ 2) where

N is the index of SN-method used. This method transforms the

RTE, i.e. Eqn 33, into n simultaneous partial differential

equations where each equation represents one discrete direction.

Theoretical details and solution techniques can be found in

Modest (2003). The integral appearing in Eqn 34 is evaluated

using a rectangular quadrature approximation as given by:

G ¼
Xn

i¼1

wiIi ð51Þ

wherewi is the discrete solid angle in the ith direction over which

radiative intensity is considered to be constant. In this work S6
approximation of the SN discrete ordinates method is used, which
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Fig. 1. (a) Computational shrub superimposed on the image of a real chamise shrub; (b) 3-D view of the

modelling setup; (c) Bulk density distribution for chamise as a function of shrub height (Li 2011).
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requires evaluation of radiative intensities in n¼ 48 directions.

The weights associated with the quadrature approximation in

Eqns 51 and direction cosines used in Eqns 33 are those provided

by Lathrop and Carlson (1965) and reproduced inModest (2003).

Results

While calculatingbulk density of the fuelmatrix, themass of allnL
solid phase species is taken into account. In all the results to be

presented, the surface fuel (aspen excelsior) hasdimensionsof 0.8,

0.1 and 0.8m in x, y, and z directions, and is modelled as a single

solid-phase species with a constant bulk density of 3.125 kgm&3.

Total wet mass of surface fuel is 250 g, similar to that used in

experiments. The shape of the crown-like elevated fuel is mod-

elled as a conical frustumwith its diameter changing as a function

of its height. As a first approximation, the functional dependence

of crown diameter on height (y) is modelled using a cubic poly-

nomial. Fig. 1a shows an image of a typical chamise shrub, on

which a computational shrub image has been superimposed. For

the crown fuel thatwe study nL¼ 2, as the shrub contains branches

and foliage. All simulations are performed under no wind, zero

slope conditions. The conditions used for simulation of various

cases are summarised in Table 1. Solid fuel parameters to be

presented are mass averaged over nL solid phase species.

In the experimental work of Li (2011), which is used for the

validation of modelling results, the ignition of the surface fuel is

carried out by spraying 10mL of isopropyl alcohol in the

ignition region and then supplying external heat to this region

(using a torch flame). Isopropyl alcohol is used to establish

uniform burning of fuel in the ignition region. In computations,

the temperature of solid fuel in the ignition zone is raised and

maintained to 1000K by supplying external heat to achieve

ignition and uniform burning. The external heat source is turned

off when 80% of fuel in the ignition zone is consumed. Because

surface fuel in all of the simulations performed was kept the

same, the igniter gets turned off after ,7 s. In the experiments,

Li (2011) observed the time history of gas-phase and solid-phase

temperatures, at the centre of the ignition zone, to match that

obtained from computations; hence, we adopt the same ignition

mechanism. The dimensions of the ignition zone (0.15'
0.1' 0.15m in x, y and z directions) used in experiments are

kept the same while performing computations.

Model validation

The various sub models described in the ‘Mathematical models’

section, combined with the computational methodology

summarised in the ‘Numerical methods and simulation setup’

section, for the simulation of fire spread through live shrubs, are

used to conduct a systematic analysis on the importance of vari-

ousparameters necessary todescribe fire behaviour. Inorder todo

so, it is first necessary to test model predictions against experi-

mental results. Here we use the experimental results obtained by

Li (2011) for validation purposes. Because a DBD model better

represents a realistic shrub as utilised in the experiments,Case 1 is

selected for validation purposes over Case 2 (refer Table 1 for

case description), which uses a FBD model. The performance of

DBD and FBD models will be compared later in the ‘Effect of

distribution of bulk density’ section.

The experiments (Li 2011) were performed in an open wind

tunnel at the University of California–Riverside. Chamise was

used as the crown fuel with a medium bulk density (bulk density

ranging from 3.17 to 4.2 kgm&3 considered medium), zero wind

speed and a centre ignition. Additional details on experimental

setup, data acquisition and post processing can be found in Li

(2011). The geometry and physical properties of the modelled

crown, such as the total height, initial mass, bulk density,

moisture content, etc., are set to match the properties of the

actual chamise shrub, in a global sense (Table 2). It is noted that

there still exist local heterogeneities in the actual shrub that are

neglected in themodel shrub. Therefore, only the global features

of fire behaviour in experiments and simulations are compared

against each other.

In Case 1 and Cases 3a–e of Table 1, the bulk density of the

crown fuel is spatially distributed along the vertical direction,

with distribution modelled as a polynomial function of vertical

space variable given as follows:

rB ¼ Aþ Bŷþ Cŷ2 þ Dŷ3 ð52Þ

where ŷ ¼ y=H , with y andH as the vertical spatial variable and

the height of the shrub. This polynomial, as shown in Fig. 1c, has

been recently proposed and is based on experimental measure-

ments with A¼&0.025, B¼ 32.325, C¼&58.746 and

D¼ 29.239 for chamise (Li 2011).

The overall time evolution of the fire, i.e. the ignition at the

surface fuel and the transition from the surface to crown fuel, can

be seen in Fig. 2, in which the contour plots of the gas-phase

temperature (colour contours) and the solid fuel bulk density

(line contours) are displayed on an xy-slice passing through the

domain at z¼ 0.8m, at various instants of time. It is observed

that a low intensity flame is established in the ignition zone at

Table 1. Crown fuel bulk density and solid fuel moisture content in

various cases

In all cases, the shape of the shrub is the same

Case number Crown fuel bulk

density model

Solid fuel

moisture content

1 Distributed 31.2%

2 Fixed 31.2%

3a to 3e Distributed A

4a to 4e Fixed A

ASubcases: a, b, c, d and e are for 20, 40, 60, 80 and 100%moisture content.

Table 2. Initial conditions of crown fuel during experiment and

simulation of Case 1 (see Table 1)

Average bulk density of crown fuel 3.8 kgm&3

Total height of crown fuel 1.0m

Sample diameter (crown fuel largest diameter) 0.7m

Bottom surface diameter (crown fuel) 0.16m

Top surface diameter (crown fuel) 0.56m

Total initial mass of crown fuel 0.7 kg

Crown fuel moisture content 31.2%
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earlier times during simulation when the igniter is on. The

surface fuel is ignited at the centre below the base of crown

fuel. This type of ignition represents a basic example of a

spotting fire, commonly seen during wildland fires. As more

mass in the ignition zone begins to burn, the intensity of the fire

increases, which enhances the amount of heat transferred to

neighbouring fuel elements. Because the igniter gets turned off

at fairly early times (7 s) in the simulation, the effect of the

igniter on computational results can be considered negligible.

Fig. 3 shows the relative importance of the convection and

radiation heat transfer in igniting fuel particles at two different

locations. Point 1 is located at the base of the crown fuel and

point 2 is on the surface fuel just outside the ignition zone. In the

initial stages of burning, fuel particles located at the base of the

crown fuel receivemore heat through convection comparedwith

that received in the form of thermal radiation. In contrast, for

fuel particles located on the surface fuel outside the ignition

zone radiation plays a major role in starting the burning process.

This difference in the heat transfer mechanism at two locations

is due to the flow field resulting from the buoyancy effects. Cold

air entering the ignition zone from outside leads to convective

cooling of fuel particles at point 2, whereas the hot combustion

gases (which tend to rise up from flames) heat the crown fuel

base in a convective sense, including where point 1 is located.

Ignition occurs in the crown fuel at,8.4 s when the temperature

of solid fuel at point 1 reaches 500K, when pyrolysis and char

oxidation processes commence. Crown fire initiation time,

calculated based on solid fuel temperature averaged over the

xz-surface located at y¼ 0.3m, for this case is 10.8 s. The burn is

completed when the mass loss rate, m¼ –dm/dt, for the crown

fuel equals zero. The burn time for Case 1 is ,82 s.

Table 3 shows a comparison between experimentally

obtained data and numerical simulation predictions. Parameters

such as burning time, total mass consumed, spread rates and the

time required to reach maximum mass loss rate are in good

agreement. The spread rate calculation from simulation data is

based on average solid phase temperature, and is representative

of an average rate of vertical spread. As the flow field generated

is three dimensional and does not have homogeneity in any

direction, averaging of the solid phase temperature is performed

on horizontal surfaces (xz-plane) at various y locations along

crown fuel height. Vertical spread rate is calculated as follows:

ROSy ¼

PM
i¼1

yiþ1 & yi
t500;iþ1 & t500;i

! "

M & 1
ð53Þ

here ROSy is the average spread rate in a y direction, yi is the

location of the ith horizontal xz surface of crown fuel along the

y axis, t500,i is the time required by solid fuel in this horizontal
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Fig. 2. Gas-phase temperature (K) (colour contours) with solid fuel bulk density (line contours) at various times for

Case 1 (see Table 1). Snapshots are from a xy-slice passing through z¼ 0.8m.
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surface to reach the average temperature equivalent to 500K and

M is the total number of surfaces considered for spread rate

calculation. For all simulations M is set equal to 8, i.e. the

horizontal surfaces separated by a distance of 0.1m are used for

averaging. The horizontal fire spread rate in surface fuel was

measured by observing the solid-phase temperature contour of

500K, along an xz-slice passing through y¼ 0.05m at various

times.

The time history of mass loss rate obtained from computation

matches well with experiments in a global sense, which can be

seen from Fig. 4, but the predicted value of maximum mass loss

rate differs considerably fromexperimental results (overestimated

by a factor of 1.4). This difference may be attributed to the

following reason: the crown fuel model accounts for the distribu-

tion of mass only in the vertical direction whereas in a real shrub,

mass is non-uniformly distributed in all three directions. Distribu-

tion of mass also varies from shrub to shrub of the same species.

Because the functional form of mass distribution in directions

other than y is unknown, bulk density is kept constant along these

directions in the current crown fuelmodel.Another source of error

leading to discrepancies between computational and experimental

results is the uncertainty involved in the experimental measure-

ments. For example, FFT (fast Fourier transform)-based smooth-

ingwas applied to the time history ofmass that was obtained from

experiments, before calculating themass loss rate.This procedure,

although necessary for removing high frequencywhite noise from

the data, may also lower the peak values.

Next, we highlight the importance of two physical para-

meters involved in the current fire propagation problemwith the

aid of the simulation results.

Effect of distribution of bulk density

In this section we compare the performance of twomodels used

to represent the bulk density of the crown fuel. In the first

model (Case 1 in Table 1), the bulk density of the shrub is

spatially distributed along the vertical axis as described by

Eqn 52 and shown in Fig. 1c. In the second model, used in the

simulation of Case 2 from Table 1, the bulk density is kept

constant, equal to 3.87 kgm&3, throughout the crown fuel

volume. The fixed bulk density value represents the average of

the polynomial distribution given by Eqn 52. The simulation

setup, geometric and the other physical properties of the solid

fuel, boundary and initial conditions are kept the same in

simulations of Case 1 and Case 2.

Fig. 5 shows the time evolution of the gas-phase and solid-

phase temperatures averaged on the bottom and top surfaces of

the crown fuel. Averaging is performed along the xz-planes as

the bulk density remains constant in this plane for both cases.

As it can be seen in this figure, the time history of the bottom

surface temperature (gas and solid phase) for Case 1 is not

significantly different from that in Case 2. On the other hand,

the time history of temperature (gas and solid phase) for the top

surface of crown fuel obtained from Case 1 is considerably

different from that for Case 2. This difference indicates that fire

propagation rate inside the crown fuel matrix changes when

bulk density distribution is accounted for. For both cases, the

crown fire initiation time is t¼,11 s, i.e. when the average

solid phase temperature at the bottom surface of the crown fuel

reaches 500K. In Fig. 6a, t500 is the time (s) required by a

horizontal surface in the crown fuel to reach a temperature

equal to 500K, which is plotted as a function of shrub height.

Fig. 6b shows the spread rate (mm s&1) as a function of the

height of the crown fuel. The fire spread rate in the lower part of

the crown for the DBD case is observed to be lower than that in

the FBD casewhereas in the upper region fire spreads relatively

faster for DBD than for FBD. This difference in spread rates for

these twomodels can be explained based on bulk density values

encountered for different regions while moving along the

vertical axis. The lower half of the crown with DBD has a

higher bulk density compared with crown with FBD, which

creates a higher resistance for the hot combustion gases to

penetrate into the crown fuel matrix, resulting in lower spread

rates. Fig. 7 shows the total energy, viz., !qconv þ !qrad þ !qmass in

Table 3. Parameters concerned with global behaviour of fire in

experiments and simulations

Two values seen for experiments are based on two repetitions of the

experiments (Li 2011)with respective crown fuel bulk densities of rB¼ 3.17

and 4.42 kgm&3. Computational results are for Case 1 (see Table 1)

Results Experimental Computational

Fire spread rate along y,

in crown fuel (mm s&1)

25.3; 23.2 27.0

Fire spread rate along x,

in surface fuel (mm s&1)

5.88; 6.21 4.0

Maximum mass loss rate (g s&1) 30.0; 31.0 44.0

Time required to reach

maximum mass loss rate (s)

32; 45 34

Burning time (s) 73; 112 82

Mass consumed, crown fuel (g) 402; 553 493
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Fig. 4. Time history of mass loss rate from experiments (Test 1 and Test 2)

conducted by Li (2011) and from simulation of Case 1 (from Table 1).
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Eqn 29, of the solid fuel particles located at the crown fuel

bottom (x¼ 0.8, y¼ 0.4, z¼ 0.8m) as a function of time for

Case 1 and Case 2. It can be seen that the amount of energy

supplied to the fuel particles remains the same for both cases as

this location is near the ignition zone. In Case 1 this energy is

distributed among a larger number of solid particles than in

Case 2; thus, the crown fuel ignition is seen to occur earlier in

time for Case 2. Moreover, a higher value of bulk density

means more fuel is present in this region, for Case 1, resulting

in a higher heat release. Therefore, once enough fuel starts to

burn in this region, the spread rate increases dramatically for

DBD in the range of y¼ 0.5–0.8m as seen from Fig. 6b. In the

upper half of the crown, bulk density for FBD is higher than that

for DBD and hence the spread rate values for FBD in this region

are observed to be lower than for DBD.
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Based on the results presented in this section it can be

conclusively stated that fire spread rate through a single shrub

depends strongly on the distribution of bulk density.

Effect of fuel moisture content

In themodels used in this study, the effect of fuelmoisture on the

ignition of the solid fuel is accounted for by the term !qmass

appearing in the solid fuel energy balance Eqn 29.

In total, 10 simulations have been performed to investigate

the effects of fuelmoisture content on fire behaviour. Cases 3a to

3e include a crown fuel with a distributed bulk density, where

the distribution is modelled as given by Eqn 52 and shown in

Fig. 1c, with respective moisture contents of 20, 40, 60, 80 and

100%. Moisture content for Cases 4a to 4e varies in a similar

manner as described above for Cases 3a to 3e, with the only

difference that the crown fuel is modelled with a fixed bulk

density of 3.8 kgm&3, matching the average value of the

polynomial distribution. The initial dry mass of the crown fuel,

simulation setup, boundary conditions and initial flow field

conditions for all 10 moisture cases are kept the same as

discussed for Case 1.

Here, first we discuss the results obtained from the simula-

tions of Cases 4a to 4e and then include the results of Cases 3a to

3e. Fig. 8 shows the contour plots at various instances in time for

a moisture content of 20% in the crown fuel (Case 4a). The

snapshots show the gas-phase temperature (colour contours) and

the bulk density (line contours) on an x–y plane located at

z¼ 0.8m. Similar contour plots are shown in Fig. 9, for a

moisture content of 100% in crown fuel (Case 4e). Because

the surface fuel model, crown fuel bulk density and amount of

external energy supplied for ignition is the same for both cases,

similar flow field patterns are generated at early times (before

10 s) for both cases.

For the case with lower moisture content, i.e. Case 4a, the

crown fire initiates earlier in time (,9 s) as compared with

Case 4e (,17 s), because the amount of heat required to

evaporate the moisture and start the pyrolysis process is rela-

tively low. From the snapshot at time 25 s in Fig. 8, it can be seen

that a considerable portion of the crown fuel has started to burn

for Case 4a, whereas for Case 4e, displayed in Fig. 9 for time

25 s, burning has been initiated only in a small portion of the fuel

at crown bottom. This behaviour indicates that the ignition

process is affected due to higher moisture content which in turn

affects the fire spread rate. From the snapshot at 45 s in Fig. 8, it

is seen that almost all the crown fuel is burnt out for Case 4a and

therefore the fire starts to extinguish due to unavailability of

fuel. On the other hand, in the snapshot at 45 s in Fig. 9, it is seen

that although a considerable amount of the solid fuel is avail-

able, the fire intensity still reduces. The reason for this could be
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Fig. 8. Gas-phase temperature (K) (colour contours) with solid fuel bulk density (line contours) at various times for

burning of crown fuel with moisture content of 20% (Case 4a, see Table 1). Snapshots are from a xy-slice passing

through z¼ 0.8m.
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through z¼ 0.8m.
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Cases are from Table 1.
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that the amount of heat generated by flames is insufficient to

heat unburnt fuel ahead of the flames, resulting in an imbalance

between the amount of heat generated by the burning of fuel and

the amount of heat required by the neighbouring unburnt fuel

particles to ignite. Thus fire extinction for the high moisture

content case (Case 4e) is not due to the unavailability of fuel.

To further investigate the effect of moisture content on

distribution of gas- and solid-phase temperatures through the

domain, instantaneous, local values of these variables are

compared quantitatively. Fig. 10a shows the gas phase temper-

ature for Case 4a and Case 4e at various time instances, along

the y-axis passing through the centre of the domain (x¼ 0.8,

z¼ 0.8m). Similarly, Fig. 10b shows the plots of solid-phase

temperature along the same probe line. From the plots at time 15,

25 and 35 s in Fig. 10 it is seen that both gas- and solid-phase

temperatures for Case 4a are higher than respective gas- and

solid-phase temperatures for Case 4e, indicating that intensity of

fire is reduced by higher moisture content. In Fig. 10b, at times

after 35 s, the solid-phase temperature is very high throughout

the entire height of shrub for Case 4a, whereas in Case 4e, higher

solid-phase temperatures are encountered in only a small portion

of shrubs. This indicates that the time required for fire to

consume the solid fuel increases with the rise in fuel moisture

content. These observations, for cases where crown fuel is

modelled with fixed bulk density, also apply to the simulations

where the crown fuel ismodelledwith a distributed bulk density,

which can be seen in Fig. 11. Fig. 11a shows gas-phase

temperatures along a y-axis passing through the domain centre,

for Case 3a and Case 3e, at various instances in time. Similarly,

Fig. 11b shows solid-phase temperatures along the same probe

line for Case 3a and 3e.

Fig. 12a shows the time evolution of crown fuel dry mass

obtained from simulation of Cases 4a, 4b, 4c, 4d and 4e. This

figure shows that the rate at which fire consumes the fuel

decreases with an increase in moisture content. It can also be

seen that the amount of fuel left unburnt when fire extinction in

crown fuel occurs, increases with increasing fuel moisture

content. Similar observations are made from Fig. 12b, which

shows time history of crown fuel dry mass for Cases 3a, 3b, 3c,

3d and 3e.

Fig. 13a plots vertical fire spread rate through crown fuel as a

function of fuel moisture content. Results obtained from all 10

moisture cases are shown in Fig. 13a along with the two

experimental spread rate values obtained by Li (2011). The
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Fig. 11. Spatial variation of (a) gas-phase temperature, and (b) solid-phase temperature along a line passing through

the domain centre, viz., x¼ 0.8m, z¼ 0.8m, in y direction, formoisture contents of 20% (Case 3a) and 100% (Case 3e).

Cases are from Table 1.
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vertical rate of spread for all cases is calculated using Eqn 53. It

is seen that the fire spread rate decreases continuously as the

moisture content increases from 20 to 100%, for both types of

crown fuel models, i.e. crown fuel modelled with a FBD and

with a DBD. A sharp decrease in spread rate is seen when

moisture content increases from 20 to 40%. From moisture

content 60 to 100%, the rate at which the fire spread rate

decreases is almost steady, for cases using a FBD crown fuel

model (Cases 4a to 4e). For fuel moisture content below 80%,

vertical spread rates obtained from cases with a crown fuel

model consisting of DBD (Cases 3a to 3d), are almost equivalent

to those obtained from FBD cases (Cases 4a to 4d) with similar

moisture contents, as seen from Fig. 13a.

Finally, shown in Fig. 13b is the mass of unburnt fuel plotted

against the initial fuel moisture content for all 10moisture cases.

It can be seen that with the increase in moisture content, more of

the crown fuel mass is left unburnt. The unburnt fuel mass

increases dramatically within the range of moisture content

between 80 and 100%, indicating that the fire spread in shrubs

with higher moisture contents is slow or almost impossible.

A similar observation was made for cases in which crown fuel

was modelled with DBD, i.e. Cases 3a to 3e. For Case 3e as

compared with Case 4e, fire spread rate decreases (Fig. 13a)
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and unburnt mass increases (Fig. 13b) drastically indicating that

higher resistance is offered to fire propagation when crown fuel

is modelled with spatially distributed bulk density, having

functional form given by Eqn 52. However, this observation is

concerned with the spatial distribution of the bulk density rather

than the moisture content effect.

Summary and conclusions

A previously developed physics-based model to simulate fire

propagation through a porous solid fuel matrix, is described in

detail. The model developed is not intended for field-scale

simulations, but could help build better models adapted to field

scales. The basic configuration studied involves a 0.1-m-deep

surface fuel bed, and elevated, crown-like fuel matrix (chamise

shrub) situated 0.2m above the surface fuel. Global character-

istics of fire behaviour predicted by the model are in fairly good

agreement with available experimental results, except for the

maximum mass loss rate value, which is overestimated by a

factor of 1.4. Because we currently have limited access to the

experimental facilities, extensive validation of the model

through conducting more experiments currently is not feasible.

More rigorous validation of the model through experimentation

will be the focus of future work.

From the computational studies performed, it was observed

that the spatial variation of crown fuel bulk density and the fuel

moisture content have a significant effect on burning of isolated

shrubs in still air. Both the crown fire initiation time and local

vertical fire spread rate were influenced by variations in local

fuel bulk density and overall fuel moisture content. The varia-

tion in bulk density in the vertical direction was modelled via a

cubic polynomial with no variation assumed in horizontal

planes. This bulk density distribution model resulted in an

increase in the time required to initiate the combustion process

within the shrub. A similar effect is seen when solid fuel

contains higher amounts of moisture, though the mechanism

causing the delay in ignition was found to be completely

different. When a region has higher bulk density the heat

received is distributed among a higher number of solid particles

thus reducing the amount of heat gained by individual fuel

particles which in turn delays the combustion process. On the

other hand, fuel particles containing a higher moisture fraction

delay the ignition as the drying process takes a significant

amount of time to complete after which pyrolysis and char

oxidation begins. Fire spreads in a distributed bulk density

crown fuel (distribution modelled using a cubic polynomial),

from one vertical location to another at uneven speeds; for

example in the lower region fire propagation speed remains

lower and then increases as it moves into the upper portion of the

crown, when compared with spread rates in equivalent fixed

bulk density crown. The time required to complete the burning

of a shrub is thus not significantly affected when bulk density is

distributed, but when moisture content is high, it increases

considerably. A twofold increase in moisture content from 40

to 80% for instance results in a 63% increase in time required for

complete burning of the shrub. It is also found that flames begin

to extinguish at higher moisture contents even though a consid-

erable amount of unburnt solid fuel is present in the shrub. The

cause of these phenomena was found to be that fuel particles

undergoing combustion did not generate sufficient energy

required to initiate ignition of neighbouring fuel particles

resulting in an increase in the amount of unburnt mass.
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