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Abstract

Prescribed burning in chaparral, currently used to manage wildland fuels and reduce wildfire hazard,
conducted under marginal burning conditions. The relative importance of the fuel and environmental variab
determine fire spread success in chaparral fuels is not quantitatively understood. Based on extensive exp
study, a two-dimensional numerical model for vegetation fire spread was developed to simulate laborato
fires. This model is based on a detailed description of the complex heat transfer processes and a simple co
mechanism contributing to the ignition of solid fuel and fire spread. The fuel bed is described as a porous m
and the heterogeneous nature of foliage and branch is considered via specific physical properties such
area-to-volume ratio, density, and volume fraction. The burning of solid fuel is computed by solving ma
energy equations, including the effects of drying, pyrolysis, and char combustion and the exchanges
momentum, and energy with the surrounding gas. The effects of wind, slope, fuel moisture content, f
arrangement, environmental temperature, and humidity are considered in the numerical model. Comp
were performed to compare successful and unsuccessful fire spread cases to highlight the effects of variou
Numerical results were consistent with the experimental observations of the transition between no fire sp
spread under different fuel and environmental conditions. The simulated heat transfer processes and co
mechanism in the fuel bed are helpful in identifying factors that determine fire spread success. It was fo
the relative importance of modeled convective and radiative heat transfer processes to ignition of solid fuel
with particle location, and could be switched depending on the wind speed, terrain slope, and fuel bed arran
 2005 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Wildland fire has been a part of the Southe
California landscape for centuries. The mounta
of Southern California and throughout the coas
ranges are covered at lower elevations (below 1600
with chaparral vegetation characteristic of Medit
ranean climates (seeFig. 1). Chaparral is a highly
e. Published by Elsevier Inc. All rights reserved.
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t some
Fig. 1. A highly flammable shrub complex, chaparral, grows in the foothills of California. Note that the fuel is located a
distance from the ground and the topography of the terrain is highly variable.
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flammable shrub complex that includes differe
species such as manzanita (Arctostaphylos glandu-
losa), chamise (Adenostoma fasciculatum), hoaryleaf
ceanothus (Ceanothus crassifolius), and scrub oak
(Quercus berberidifolia) [1]. Fuel depths observed i
chaparral crowns range from 30 to 300 cm and v
by species, elevation, slope, and rainfall. The he
of chaparral stands ranges from 1 to 6 m, and
crowns tend to be fairly porous.

Prescribed burning is often used as a tool to m
age wildland fuels and reduce wildfire hazard[2].
Land management agencies in California actively
prescribed fire to burn fire-prone brush land to prev
wildfires. Prescribed burning in chaparral is typica
attempted in the spring to early summer or follo
ing winter rains when fuel moistures are higher
most cases than when wildfires occur[3]. Because
of the risk of escaped fire, prescribed burning is
ten conducted under marginal burning conditions
which the fire either spreads or fails to spread a
ignition. Marginal burning conditions result in low
intensity fires that can be controlled relatively eas
and often produce a mosaic of burned and unbur
vegetation that is a desirable habitat for many anim
Under these conditions, there seems to be a thres
between no fire spread and successful propaga
Researchers have reported thresholds in fire beha
as influenced by various fuel and environmental v
ables[4]. Wilson [5] developed a “predictive rule o
thumb” to determine if fires would burn in woode
fuel beds. The matrix approach[6] links a quasi-
quantitative description of fire behavior and effe
to a score computed from severity points assigne
various values of fuel and weather variables. Both
matrix approach and the Campbell Prediction Sys
[7] use basic understanding of the variables that in
ence fire behavior to arrive at predictions. McCaw[8]
summarized many of these studies.

In California, at least two operational versions
the Rothermel spread model[9] are employed by
fire managers to aid in the use of prescribed
[10,11]. The Rothermel model is a semi-empiric
model that was derived by parameterizing a solut
of the conservation of energy equation[12]. The con-
stants necessary to close the system were evalu
from experimental fires under simplified conditio
with dead fuel material. The Rothermel and oth
semi-empirical models[13] provide a good approxi
mation of the fire spread rate under conditions that
close to experimental conditions under which mo
parameters were obtained and calibrated. Howe
the use of these models for more general prescr
fire conditions does not always give satisfactory
sults because they were not designed primarily
live fuels and marginal burning conditions. One e
ample is that fire spreads successfully in chapa
fuels at fuel moistures higher (>60%) than those in
most of the experimental data used to develop
Rothermel model (<30%) for no wind and flat groun
conditions. The main reason is that these models
not completely describe the physical mechanisms
control thermal degradation of solid fuel, the fire b
havior, and the solid–flame interactions[14]. The var-
ious heat transfer mechanisms of radiation, conv
tion, and conduction are not explicitly described.

To improve the capability of numerical predictio
of marginal burning during prescribed burning in li
chaparral, a more complete approach based on p
cal considerations needs to be adopted. In contra
most statistical and empirical models for large-sc
propagating wildfires, the present model and ot
models [14–20] belong to the class of small-sca
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fire).
Fig. 2. Wildland fire spread through the shrub fuel bed and the fire front is assumed to have a rectilinear shape (line
ac-
l are
tion
on,
ing
ly-
ent
a-
um,
een

ough
fuel
en-
al-
uni-
),
ra-

cal
the
val-
d-
ra-

ven
ed
ll or
ap-

ed
. In
le

lin-
ad
dic-
n

ga-

or,
n-
fuel

d as

ad-
nd
in
an
el
pa-
on
del
ad
ion

di-
ture
. The
cal
ex-
ing
on-
for
el
en-
er-
sfer

ccur
er-
hat

rn-
on-
s to
2D
m-
yet
g

his
uni-

the
physical models. In such models, the multiple inter
tions between the gaseous phase and the solid fue
described in detail to obtain a complete representa
of the physical mechanisms (gas flow, combusti
radiation, and convective heat transfer) contribut
to the thermal decomposition (vaporization, pyro
sis, char oxidation) occurring during the developm
of a wildland fire. Adopting an averaging formul
tion to the conservation equations (mass, moment
energy, species concentration), the coupling betw
the solid and the gaseous phases is modeled thr
source terms in the mass (decomposition of solid
to combustible gas), momentum (drag force), and
ergy (heat transfer by convection and radiation) b
ance equations. The fuel bed is approximated as a
formly distributed porous medium (solid particles
characterized by geometrical (surface-to-volume
tio, packing ratio, fuel depth), physical, and chemi
(fuel density, reaction rates and composition of
pyrolysis products, moisture content) properties e
uated experimentally. Environmental factors inclu
ing wind speed and direction, terrain slope, tempe
ture, and relative humidity are also considered. Gi
the increased complexity of this model, it is appli
to simulate laboratory-scale experiments and sma
medium-scale surface in which a two-dimensional
proximation may be assumed[14]. In a large-scale
wildland fire, the fire front is generally represent
as a curve separating burnt area from fresh fuel
a small region or in a controlled laboratory-sca
fire, the fire front can be assumed to have a recti
ear shape (line fire), and the direction of fire spre
through the fuel bed can be assumed to be perpen
ular to the fire front. Therefore, a 2D simplificatio
(a vertical plane defined by the direction of propa
tion x and the vertical directiony, seeFig. 2) is often
used to analyze fire propagation[13–22]. Although
the flames exhibit fully three-dimensional behavi
over a small portion of the fire front, the major co
tributions concerning the heat balance inside the
bed and above the shrub fuel can be approximate
two-dimensional.

Given that current operational models do not
equately model fire spread in chaparral fuels a
that data describing marginal burning conditions
chaparral do not currently exist, we embarked on
experimental effort to determine the important fu
and environmental variables that determine pro
gation success in laboratory-scale fires in comm
chaparral fuels. From these data, a statistical mo
to predict the probability of successful fire spre
was developed using stepwise logistic regress
[23,24].

Because of the limitations in the experimental
agnostics available to us, the detailed flame struc
and the heat transfer processes are not accessible
aim of the present work is to describe the physi
nature of marginal burning and the propagation of
perimental fires in live chaparral shrub fuels. Us
a numerical model based on detailed physical c
siderations, we have simulated fire experiments
varying values of fuel bed depth, fuel loading, fu
moisture content, wind speed, slope, and environm
tal temperature. By analysis of the velocity, temp
ature, species concentration fields, and heat tran
processes through radiation and convection that o
in the fuel bed, it is possible to gain a better und
standing of the fuel and environmental variables t
determine fire spread success.

For the current purpose of studying marginal bu
ing, whether or not fire can spread under various c
ditions, we focus on the main physical mechanism
determine the ignition of chaparral fuel. Thus, the
approximation used for the present study is a co
promise designed to reduce computational time,
allow for a detailed study of the major contributin
factors governing fuel ignition and fire spread. T
compromise is reasonable when the vegetation is
formly distributed over the transversez direction (the
direction ignored by the 2D approximation,Fig. 2)
and when we consider the head of a fire, where
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directions of the wind, the slope, and the direction
the fire propagation are parallel.

2. Mathematical formulation and modeling

2.1. Solid phase

In the present approach, the shrub fuel bed is c
sidered a porous medium. It is a heterogeneous
tem made of a solid matrix with randomly oriente
structure. In a small control volumeV , the solid phase
coexists with the gas phase. The porosity is define
ξ = Vg/V , whereVg is the volume occupied by ga
and the packing ratio is defined asβ = Vs/V , with the
conditionξ + β = 1. For fire spread, the key proce
is the transfer of mass, momentum, and energy
tween the gas and solid phases. These transfer
directly related to the specific wetted areaA = βσs,
whereσs is the ratio of surface area to volume of t
solid phase.

For cylindrical fuels,σs can be approximated from
the equationσs = 4/d , whered denotes diameter o
fuel particles. Under their experimental condition
Fons et al.[25] found that ignition time decrease
with increasingσs, and the rate of fire spread in
creased linearly with increase inσs. The difference
in σs for foliage and branches of different size is pr
nounced. For example, for a 3.2-mm-diameter bran
σs = 1250 m−1, whereas for a 25.4-mm-diamet
branch,σs = 157 m−1. For foliage,σs ranges from
4000 to 7000 m−1. Considering the range ofσs and
its influence on fuel combustion, it is reasonable
model the solid fuel as consisting of two phases:
liage (higher value ofσs) and branches (lower valu
of σs). These two phases have different density but
assumed to have the same moisture content.

To simplify the problem, it is assumed that t
shrub fuel initially includes water, pyrolyzates, ch
and noncombustible ash (or minerals). Some hi
energy ether extractives (waxes, oils, terpenes,
fats) present in live chaparral shrub fuels are not c
sidered because very little information is available
their role in fire spread[26,27]. Taking into accoun
water vaporization, pyrolysis, and char combust
within the preheating and burning processes, the m
balance equation for the solid phase is expressed

(1)
∂ms

∂t
= −ωs,H2O − ωs,pyr − ωchar,

where t is time, ms is the mass of the solid phas
including water(ms,H2O), pyrolysis (ms,pyr), char
(ms,char), and ash. The rates of solid mass reduct
due to drying, pyrolysis, and char oxidation, deno
by ωs with appropriate subscripts, are deduced fr
Arrhenius-type laws. The mass of ash included in
solid phase is assumed to be constant. Becaus
data are currently available for chaparral fuels, the
netic parameters for the rates (expressed in kg/m3/s)
are taken from the model of Porterie et al.[16] for
pine needles as

(2)

ωs,H2O = 6.0× 105T −0.5
s ms,H2O

× exp(−5800/Ts),

(3)ωs,pyr = 3.63× 104ms,pyr exp(−7250/Ts),

(4)ωchar= 1

r2
430.0AsρO2 exp(−9000/Ts),

wherer2 is the oxygen-to-carbon stoichiometric ma
ratio, Ts is the solid fuel temperature, andρO2 is the
density of oxygen. Here, char is idealized as pure
bon and the heterogeneous reaction is assumed t
C + O2 ⇒ CO2 (r2 = 8/3).

A successful fire spread depends on the co
tion that sufficient heat can be transferred from
flame front to the unburnt solid fuel, thereby raisi
its temperature to the ignition point. The variati
in solid-phase temperature is the result of radia
and convective transfer ratesQrad,s and Qconv be-
tween the solid and the gas. The heat loss/absorp
rateQmass, due to water vaporization, pyrolysis, an
char oxidation, also influences the solid-phase t
perature. Invoking the assumption that fuel partic
are thermally thin, the energy balance equation for
solid phase reduces to

(5)mscps
∂Ts

∂t
= Qconv+ Qrad,s + Qmass.

In Eq. (5), the specific heat of the solid phase,cps,
is deduced from that of dry wood material and t

fractional mass moisture,YH2O
s , remaining in the fue

material:

(6)cps= (
1− Y

H2O
s

)
c
dry
p + Y

H2O
s c

H2O
p .

The convective heat transfer rate between the gas
solid phases is calculated as

(7)Qconv= Ahc(T − Ts),

where the heat transfer coefficienthc is deduced from
the Nusselt number Nu of the solid phase[28],

(8)Nu= hcd

λ
= 0.683Re0.466,

whereλ is the conductive heat transfer coefficient
the gas phase, and the Reynolds number Re is b
on the surface area per unit volume ratio for a cy
drical shaped = 4/σs. The rate of heat release due
water vaporization and pyrolysis and heat absorp
due to fuel combustion,Qmass, is

Qmass= −ωs,H2OLH2O − ωs,pyrL
pyr

(9)+ XcωcharL
char.
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Water vaporization is an endothermic process(LH2O

= 2250 kJ/kg) while char combustion is highl
exothermic(Lchar = 32740 kJ/kg). Pyrolysis is as-
sumed to be slightly endothermic(Lpyr = 0.418
kJ/kg). The variableXc is a sharing coefficient de
scribing the distribution of the heat of char combu
tion between solid and gas phases. For the pre
case it is assumedXc = 0.5. Finally, in Eq.(5), the
radiative heat transfer rate through the solid ma
Qrad,s, is an important heat transfer mechanism d
ing the propagation of a wildfire. This is described
the next subsection.

2.2. Gas phase

Airflow, combustion of pyrolysis fuel gas, an
heat transfer through the gas phase are all im
tant processes in a successful fire spread. Base
the porous medium assumption for solid fuel,
two-dimensional unsteady flow, the Favre- or dens
weighted averaged conservation equation of the
phase for mass is described as

(10)
∂ρ̄

∂t
+ ∂

∂x
(ρ̄ũ) + ∂

∂y
(ρ̄ṽ) = Ss-g,

where ρ̄ is the mean gas density, andx and y de-
note horizontal and vertical spatial coordinates witũ

and ṽ denoting Favre-averaged velocity compone
along these directions. The source termSs-g is the
average production rate term resulting from the
composition of solid fuel (drying, pyrolysis, char o
idation) to gas phase. Because solid coexists with
in the fuel bed, the control volume for gas-phase c
culation is reduced toξV .

The governing equations for momentum in Car
sian tensor notation are

∂ρ̄ũi

∂t
+ ∂

∂xj

(
ρ̄ũj ũi

) = − ∂p̄

∂xi

(11)+ ∂

∂xj

[
µeff

(
∂ũi

∂xj
+ ∂ũj

∂xi

)]
+ ρ̄gi − F̄s,i ,

where the effective eddy viscosityµeff = µ + µt is
evaluated from the turbulent kinetic energyk and
its dissipation rateε, using the classic relationµt =
Cµρ̄k2/ε with Cµ = 0.09 [29]. The variablegi de-
notes the gravitational acceleration vector andp̄ the
pressure. The quantityFs,i represents theith compo-
nent of the drag force resulting from the interacti
between the gas and solid phases. It is approxim
asFs,i = 0.5CDρ̄A|u|ũi . The drag coefficientCD de-
pends on the Reynolds number[30], and is approxi-
mated asCD = 24(1+ 0.15Re0.687)/Re.

To take into account the contribution of the turb
lent fluctuations, a two-equationk-ε turbulence mode
is adopted. The governing equations are given by
(12)

∂ρ̄k

∂t
+ ∂

∂xj

(
ρ̄ũj k

) = ∂

∂xj

[(
µ + µt

σk

)
∂k

∂xj

]

+ Pk − ρ̄ε + D1,

∂ρ̄ε

∂t
+ ∂

∂xj

(
ρ̄ũj ε

) = ∂

∂xj

[(
µ + µt

σε

)
∂ε

∂xj

]

(13)+ ε

k
(C1Pk − C2ρ̄ε) + D2,

wherePk denotes the generation rate of turbulent
netic energy and, in the present case due to buoy
and shear effects, is given by

(14)Pk = µt

(
∂ũi

∂xj
+ ∂ũj

∂xi

)
∂ũi

∂xj
+ 1

ρ

µt

Pr

∂ρ̄

∂xi
gi .

Because of the presence of solid shrub fuel,
source termsD1 andD2 are introduced to take int
account the turbulent kinetic energy and its dis
pation rate in the wake of solid fuel[31,32]. Al-
though there are different scales involved in the sh
generated and wake eddies, in the present work,
total turbulent kinetic energy is considered to mi
mize modifications to thek-ε model. The two sourc
terms are thus modeled by

(15)D1 = 1

2
ρ̄ACD|u||u|2,

(16)D2 = 1

2

ε

k
C3ρ̄ACD|u||u|2.

The empirical constants areσk = 1.0, σε = 1.3, C1 =
1.44,C2 = 1.92,C3 = 1.95, and Pr= 0.7 [31].

For wildland fuels, the composition of the p
rolysis products is complicated (C, CO, CO2, H2O,
CH4, H2, C2H6, . . . ) and temperature dependent.
simplify the problem, the most representative com
nents of pyrolysis gas are taken to be CO and C2,
and only five chemical gas species (CO, CO2, H2O,
O2, and N2) are considered to describe fuel gas,
and products of combustion. The general govern
equation of mass fraction(Yi) of gas species is

∂ρ̄Ỹi

∂t
+ ∂

∂xj

(
ρ̄ũj Ỹi

) = ∂

∂xj

(
Γeff,Yi

∂Ỹi

∂xj

)

(17)+ Ss-g,i + ωi.

The turbulent fluxes of gas species are appro
mated using an effective exchange coefficient,Γeff =
µeff/Pr. The source termSs-g,i is the average produc
tion rate of gas speciesi resulting from the decom
position of solid fuel accompanied by vaporizatio
pyrolysis, and char oxidation. The source termωi is
the production/destruction rate of chemical specie
a result of homogeneous combustion in the gas ph

The combustion model is based on the ed
dissipation model of Magnussen and Hjertager[33].
In diffusion flames, fuel and oxygen are presumed
be present in separate eddies. Because the che
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reactions in most cases are very fast, it can be
sumed that the rate of combustion will be determin
by the rate of intermixing on a molecular scale of fu
and oxygen eddies, in other words, by the rate of
sipation of the eddies. Consequently, the fuel reac
rateωi , is taken to be the slowest of the turbulen
dissipation rates corresponding to fuel and oxygen

(18)ωi = −CRρ̄
ε

k
min

[
Ỹfu,

Ỹox

r

]
,

wherer is the stoichiometric ratio of the chemical r
action CO+ 0.5O2 ⇒ CO2 (r = 4/7), andCR is a
dimensionless coefficient suggested by Magnusse
al. [34] in functional form viaCR = 23.6(νε/k2)0.25,
whereν is the kinematic viscosity.

The thermal energy equation of the gas phas
described through temperature via

∂ρ̄cpT̃

∂t
+ ∂

∂xj

(
ρ̄ũj cpT̃

) = ∂

∂xj

(
cpΓeff,T

∂T̃

∂xj

)

(19)
− Qconv+ Qrad+ Qreac+ (1− Xc)ωcharL

char,

whereΓeff,T = µeff/Pr is the effective exchange c
efficient of energy describing turbulent fluctuation
Among the source terms,Qconv denotes the convec
tive/conductive heat transfer between gas and s
phases,Qrad the radiative heat transfer, andQreacthe
heat released from the combustion of pyrolysis f
gas. The last term on the right-hand side of Eq.(19)
describes a part of heat released from heterogen
combustion between char and oxygen.

2.3. Radiative heat transfer

As pointed out by many wildfire researchers[21,
22,35–37], the radiative heat transfer rateQrad,s
through the solid matrix is one of the importa
heat transfer mechanisms during the propagatio
a wildfire. Radiation arises mainly from soot par
cles produced in the flame and from the burning
solid fuels. Including these two contributions, an e
tension of the discrete ordinates (DO) method[38]
to porous media was developed to calculate radia
through the solid matrix and radiative heat transfer
tween gas and solid phases. This DO method is w
adapted to solve the problem of radiative transfe
a medium presenting significant variations of the
sorptions. For a specific ordinate directioni, defined
by �i = (µi, ηi), the two-phase radiative heat tran
fer equation can be written as

µi
∂ξIi

∂x
+ ηi

∂ξIi

∂y
= −

(
ξag + βσs

4

)
Ii

(20)+ ξag
σT 4

π
+ βσs

4

σT 4
s

π
,

whereIi is the radiative intensity in the direction�i

with µi andηi denoting the directional cosines wi
respect to the Cartesian coordinate system, andσ is
the Stefan–Boltzmann constant. This equation is
tegrated over a control volume. The radiative h
source, which appears in the energy equation of
gas phase, is given by

(21)Qrad= ξag(G − 4σT 4).

In a similar way, the radiative heat source in the
ergy equation of the solid phase is

(22)Qrad,s = βσs

4

(
G − 4σT 4

s
)
.

In Eqs.(21) and (22), the average incident radiatio
can be approximated byG = ∑N

i=1 wiIi , wherewi

are the appropriate weights of the quadrature.
medium properties are given by the absorption co
ficients ag and as for the gas and the solid phase
respectively. For propagation of a surface fire throu
pine needles or excelsior fuel beds, experimental m
surements of the heat fluxes received by a radiom
had shown that the approximation used for the
sorption coefficient,as = βσs/4, was verified with an
error of less than 10%[39]. Following Kaplan et al.
[40], the absorption of the soot/combustion prod
(CO2, H2O) mixture is evaluated by making the gr
gas assumption from the mole fraction of the comb
tion products and the average soot volume fractionfv:

(23)ag = 0.1(XCO2 + XH2O) + 1862fvT (m−1).

Soot formation is described through the evolution
the average soot volume fractionfv accounting for
nucleation, surface growth, and oxidation process

∂

∂t
(ρ̄fv) + ∂

∂xj

[
ρ̄
(
ũj + uth

j

)
fv

]

(24)= ∂

∂xj

(
µt

Pr

∂fv

∂xj

)
+ ωfv ,

whereuth
j

is the mean thermophoretic velocity com
ponents given by Kaplan et al.[40]:

(25)uth
j = −0.54

µ

ρ̄

∂ lnT

∂xj
.

Most of the soot is assumed to be formed as a re
of devolatilization of vegetation fuels, and the sou
term in Eq.(24) takes the form

(26)ωfv = ρ̄

ρsoot

(
0.01ωv − 6fv

dsoot
WNSC

)
.

The last term corresponds to the Nagle and Str
land–Constable (NSC) rate for oxidation by O2 given
in detail in Kaplan et al.[40]. The soot particle diam
eterdsoot is assumed to be 10 µm.



X. Zhou et al. / Combustion and Flame 143 (2005) 183–198 189

ide, and
Fig. 3. Experimental setup of the fuel bed constructed of live foliage and branches of chamise with 2.0 m long, 1.0 m w
0.2 m deep. The fire illustrates the initial ignition, and the ruler at the right side shows the scale with 0.25 m.
ral
rth
ide,

the
in-

uel
ere
the

us
sur-
n

e
has
hers.
esti-
ad

to
fire.
al.
d on

x-

ic a
se,
ed
etal
lso

ec-
n
to
eri-
was
state
he
tant
st
he

uel
os-
ing
e
ich
ns,
al
tal
red
ver

of
as

ted
gth
red

m,
tized
or-
ted
rms
3. Experimental setup

The shrub fuel was collected from living chapar
that grows at an elevation of 1160 m in the No
Mountain experimental area, 50 km east of Rivers
California (Fig. 3). Foliage and branches (diameter<

0.64 cm) from four chaparral species constituted
fuel. Fuel was harvested in the morning so as to m
imize moisture loss through transpiration. Dead f
was removed to the extent possible. The fuels w
then bagged and transported to the burn facility at
Forest Fire Laboratory.

Fuel beds (2.0 m long, 1.0 m wide, and vario
depths: 0.4 and 0.2 m) were elevated above the
face of a tilting platform by 0.4 m to simulate a
aerial fuel (Fig. 3). Air can be entrained from th
bottom of the fuel bed. Fire spread in chaparral
been described as a crown fire by some researc
Some laboratory-scale works have been done to
mate the effect of fire line width on the rate of spre
of a fire. Fons et al.[25] and Anderson[41] suggested
that a width of 30 cm or more would be enough
produce consistent rates of spread in a no-wind
From a series of field fire experiments, Wotton et
[42] observed that the dependence of rate of sprea
width becomes very weak for width> 2 m in a weak
wind fire. Following the above analysis and the e
perimental setup of Catchpole et al.[43], the current
fuel bed and experiment were designed. To mim
wider fire front and to maintain a line fire spread ca
air entrainment from the lateral sides of the fuel b
along the fire spread direction was prevented by m
sheeting. A fraction of the radiative heat flux was a
reflected.
Fires were ignited from one side in a 50-cm s
tion along the length of the live fuel bed. The ignitio
zone was set to provide sufficient ignition energy
initiate and sustain fire spread. Based on our exp
mental observation of a successful fire spread, it
found that fire spread reached a quasi-steady
after approximately half of the total length, and t
observed flame length maintained roughly a cons
value. After a line fire ignition, we observed that mo
of experimental fires maintain a rectilinear shape. T
cases studied were limited to a 2D configuration. F
was uniformly distributed to the greatest extent p
sible. The effect of slope was induced by rais
one end of the tilting platform. Airflow to simulat
wind was induced using three rotary box fans, wh
were turned on simultaneously. Only two conditio
“wind” and “no wind,” were considered. The natur
changes in live fuel moisture content, environmen
temperature, and relative humidity were conside
by collecting fuels and conducting experiments o
the course of an annual cycle. For the purpose
characterizing marginal burning, an experiment w
described as successful if the live brush fuel igni
from the burning zone and then propagated the len
of the 2-m fuel bed. The experiment was conside
unsuccessful if the fire did not propagate.

4. Numerical methods

The generic governing equations of momentu
energy, and species mass fractions are discre
using an implicit method in a 2D Cartesian co
dinate system. Diffusion terms were approxima
using a central difference scheme; convective te
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were discretized using a hybrid scheme. The pres
and velocity coupling is treated using the SIMPLE
method[44]. The resulting systems of linear equ
tions for each variable are then solved iteratively
ing the TDMA (tridiagonal matrix) algorithm. To en
sure convergence and prevent low-frequency beha
of the solution typical of this type of buoyancy-drive
flow, all the variables are underrelaxed using iner
relaxation. At each time step, an iterative procedur
used to calculate the new values at the next time s

When the wind effect was considered, the wind
locity profile was prescribed as a boundary condit
at the left edge of the computational domain. A pow
law boundary layer̃u(y) = Uref(y/δ0)1/7 is used, and
wind speedUref is given at heightδ0 = 0.7 m. The
slope effect was considered by rotating the Carte
coordinate an angleθ that is the angle between th
ground surface and a horizontal line. Thex axis re-
mains parallel to the ground. The gravitational acc
eration vectors alongx and y axes aregi sinθ , and
gi cosθ , respectively. In topographic terminology, th
slope percent is 100 tanθ . For θ = 45◦, slope percen
is 100%.

Open boundary conditions might exist at the
let (upwind), top or lateral boundaries, and the ou
(downwind). At the outlet boundary, outflow or inflo
conditions might exist during the temporal evaluatio
Outflow conditions were taken to be zero derivativ
for all the variables. If inflow occurs at the outl
boundary, temperature, oxygen mass fraction, etc.
taken as constant values because they are transp
from the surrounding stagnation conditions. In sh
upwind philosophy was considered at the outlet.

To model the experimental setup, a 2D comp
tational domain 4.0 m long× 3.5 m high was de
signed. After the effect of grid resolution was exa
ined, a nonuniform grid of 129× 65 cells was used to
cover the computational domain. The computatio
time step is 0.2 s. The fuel bed setup is identical to
laboratory experiment. However, to save computa
time, the modeled fuel bed was 1.275 m long and t
shorter than the experimental fuel bed length. Thi
acceptable because the focus of this study is marg
burning concerning the initial ignition and subsequ
propagation. The fuel bed depth is the same as in
experiment, viz., 0.4 m (or 0.2 m). A uniform gr
of 51× 16 cells was used to cover the fuel bed. T
fuel bed is placed in the center of the computatio
domain along the horizontal direction. There is a g
of 0.4 m height with 10 nonuniform cells between t
bottom of the fuel bed and the ground level. Air can
entrained into the bottom of the fuel bed. This se
modeled an aerial fuel. This arrangement was cho
to replicate chaparral brush fire in which fuel is l
cated at some distance from the ground (seeFig. 1),
as is the case with crown fires.
The properties of the chaparral fuels are o
tained mainly from the experimental measureme
of Countryman and Philpot[45]. The average fue
density of chaparral shrub isρs = 560 kg/m3, de-
fined as the dry wood mass per unit green volu
The mean surface-to-volume ratio was chosen
σs = 2500 m−1, reflecting the predominance of ve
small fuel. The two phases (foliage and small bran
considered in the present model have different v
ues of density and surface-to-volume ratio. Based
the experimental measurement of mass fraction,
fraction, and volume fraction of these two phases
the live chaparral shrubs, foliage hasσs = 3687 m−1

andρs = 376 kg/m3, and branch hasσs = 1308 m−1

and ρs = 744 kg/m3. The moisture content of live
chaparral, the water mass fraction based on ov
dry mass of the solid phase, changes with fuel ty
season, and environment. In these experiments
ranges in moisture content of samples burned on
day of collection were 53 to 91% for chamise a
84 to 106% for manzanita. The fuel bed packing
tio ranged from 0.008 to 0.024, and the fuel load
ranged from 2.1 to 8.0 kg/m2. Ignition of the fuel bed
is simulated by introducing a volumetric heat sou
over the entire fuel bed depth and along a length
20 cm. This heat supply is maintained until 70%
fuel in the ignition zone is burnt out.

The mass fraction of atmospheric moisture is c
culated from the relative humidity. Ambient tempe
ature and relative humidity are known to play im
portant roles in wildfire spread. These environmen
effects were considered in the current model.

5. Results and discussion

An extensive experimental study was comple
to analyze the important fuel and environmental va
ables that determine propagation success in lab
tory-scale fires in chaparral fuels. Because the
sponse variable (spread success) was binary (ye
no), a stepwise logistic regression method is use
estimate the parameters of a statistical model to
dict the probability of fire spread success. The fit
statistical model for predicting the probability(Pr) of
successful fire spread was developed as[23]

(27)Pr(spread= yes) = eX/(1+ eX),

where X = −0.58 + 5.62U + 17 tanθ + 2.72L +
0.27Ta−0.25M . According to the calculated odds r
tio, five variables, in decreasing order of importanc
wind speed (U , m/s), dry fuel loading (L, kg/m2),
terrain slope percent (100 tanθ , %), fuel moisture
content (M , %), and environmental temperature (Ta,
◦C)—were selected to predict the probability. Th
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model correctly classified nearly 96% of the 115 e
perimental fires; however, all possible combinatio
of experimental and fuel conditions were not equa
replicated in the data set.

Based on this experimental result, fire spread
chaparral fuel bed was simulated under different c
ditions. In the following subsections, a successful
spread case is first illustrated to reveal the flame st
ture and to identify the principal mechanisms of h
transfer contributing to the success of fire spread.
comparing numerical results obtained from uns
cessful and successful fire spread cases, the ef
of fuel moisture content, fuel bed arrangement, wi
slope, ambient temperature, and humidity on m
ginal burning state are analyzed.

5.1. A successful fire spread

As a baseline case, we present results for a
cessful fire spread over a flat fuel bed with no win
The results show that the propagation of the fire in
fuel bed begins with an initial phase of growth, fo
lowing which the fire achieves a quasi steady-st
Figs. 4a and 4bshow the instantaneous gas-pha
temperature contours and velocity vectors 80
230 s after initial ignition, respectively. The fuel be
depth is 0.4 m with green fuel loading of 5.5 kg/m2.
The fuel moisture contentM = 60%. The correspond
ing dry fuel loading isL = 3.4 kg/m2. The ambi-
ent temperatureTa = 37◦C, and relative humidity
RH = 30%; this models the typical summer clima
condition in Southern California. Based on these c
ditions, the fire spread success probability calcula
from Eq. (27) is 97%.Fig. 4 shows that the calcu
lated fire spread is successful and that fire pro
gates from the left to the right end of the fuel be
The spread rate approximated from temperature c
tours is 0.23 m/min. Under similar conditions, th
fire spread rate observed over the course of sev
repetitions ranged from 0.13 to 0.22 m/min. The cal-
culated fire spread rate was slightly faster than the
perimental value. As mentioned earlier, the phys
and chemical processes such as drying, pyrolysis,
char combustion of chaparral shrub fuel occurring
fire were described in very simple form in the mod
Because of the lack of accurate data, the kinetic
rameters associated with the rates are taken fro
model for pine needles. Furthermore, the variation
properties of live chaparral fuels such as surface a
to-volume ratio, density, moisture content, and h
content also reduce the accuracy of the present mo
However, for the purpose of studying the margi
burning state, it is still reasonable to analyze the
ative effects of different factors by using the pres
model.
(a)

(b)

Fig. 4. Time evolution of gas-phase temperature conto
and velocity vectors of a successful fire propagation (a)
and (b) 230 s after ignition. The rectangular frame deno
the fuel bed.

As shown inFig. 4, a plume formed above th
burning zone of the fuel bed. The calculated g
phase temperature field is characterized by two
zones: in the fuel bed, where heat is released by
homogeneous pyrolysis gas combustion and het
geneous char combustion, and above the fuel
where heat is released only via gas-phase combus
The velocity field shown inFig. 4a is characterized
by the formation of a hot gas column above the bu
ing zone. The ambient air is entrained into the
plume. In the thermal plume the gas undergoes an
celeration, the calculated vertical velocity magnitu
reaches 1.1 m/s at the top of fuel bed and 4.7 m/s at
y = 2 m. Within the fuel bed the flow is strongly re
duced. Because of the chosen setup of fuel bed, t
is a gap between the bottom of the fuel bed and
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(a)

(b)

Fig. 5. Time evolution of gas- and solid-phase tempera
and accumulated heat absorbed or released by solid pa
located 7.5 cm away from the ignition zone and (a) at
bottom of the fuel bed or (b) at the top of the fuel bed.

ground. Thus, fresh air can be entrained from the b
tom into the fuel bed. The velocity vectors show
opposed flow induced by the aspired air in the ch
nel between the fuel bed and the ground.

To identify the principal mechanisms of heat tran
fer contributing to the success of fire spread, we e
uated the accumulated (integrated) value of vari
heat transfer variables integrated through the burn
time asQA(t) = ∫ t

0 Q(t ′)dt ′. Fig. 5 illustrates the
time evolution of accumulated heat absorbed (posi
value) or released (negative value) by solid partic
through three processes: convective heat transfe
tween gas and solid(Qconv), radiative heat transfe
(Qrad,s), and thermochemical contribution(Qmass)
due to drying, pyrolysis, and char combustion. Th
three heat transfer contributions are source term
the solid-phase heat-conduction equation (Eq.(5)).
The time evolution of gas- and solid-phase temp
atures is also shown inFig. 5. To ignite fuel, a solid
particle requires sufficient energy to reach its ignit
temperature. For a solid particle located at the b
tom of the fuel bed and 7.5 cm away from the igniti
zone,Fig. 5a reveals the most effective energy sou
is radiative heat transferQrad,s. In the preheat region
(0–55 s), solid temperatureTs increases slowly with
absorbed heatQArad,s. The thermochemical contr
bution QAmass remains negative due to water v
porization and pyrolysis. Because the fuel particle
separated from the ignition zone by 7.5 cm, the te
perature of the gas phase(Tg) is lower than that of the
solid phase, leading to a negative value forQAconv.
As the flame front moves near the solid particle,
amount ofQArad,s increases and the moisture is fu
released out. Over a short burning time 55–68 s,
solid temperature increases dramatically to 1035
due to heat release via char combustion. The v
of QAmassincreases from a negative value to ab
3.5 kJ. However, convective heat transferQAconv still
remains negative, which implies a cooling effect
the hot particle. Due to the high value ofTs, solid par-
ticles start to release heat by radiation which redu
the value ofQArad,s. After 68 s, the solid particle
burning is complete and noncombustible ash rema
The value ofQAmassstays constant beyond this tim

Because of the cooling effect provided by the
pired air from the bottom of the fuel bed, radiati
heat transfer plays a key role in igniting solid fu
and sustaining fire spread. However, at the top
face of the fuel bed, the heat transfer and combus
processes exhibit different roles.Fig. 5b illustrates
the time evolution of gas- and solid-phase tempe
ture and accumulated heat transferQAconv, QArad,s
andQAmassof a solid particle located at the top
fuel bed and 7.5 cm away with the ignition zone. B
cause the fire plume is ignited from the bottom of
fuel bed (seeFig. 4), the gas temperature at the t
of the fuel bed is higher than solid temperature. T
solid particle is preheated byQconv andQrad,s, and
reaches the burning state at approximately 30 s
this time, most of the moisture and pyrolysis gases
released and char combustion initiated. It is obser
that QAmassstarts to increase. When solid tempe
ture reachesTs ≈ 750 K, the solid particle loses he
through radiation and henceQArad,s decreases. Be
cause the solid particle absorbs heat throughQconv
andQmass, Ts increases to about 930 K at 41 s. At th
time, the solid particle is noted to be encircled by fi
The oxygen concentration is very low and that lea
to termination of char combustion. Over a relative
long period from 41 to 81 s,QAmassstays constant
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The solid temperature decreases to 820 K due to
diative heat loss, and then increases to 1150 K du
convective heating by hot gases. After passage o
fire front, because of aspirated air, char combus
commences again at 81 s and burns out at 107 s.
cause of heating through char combustion, both
and solid temperatures reach their maximum val
and then decrease dramatically due to radiative
loss.

The analysis presented inFig. 5 denotes the dif-
ferent effects of heat transfer processes on the i
tion of solid particles located at the bottom or t
top of the fuel bed. In the preheat region, the eff
of radiative heat transfer is always positive (heatin
but convective heat transfer may be negative (co
ing) or positive depending on the gas-phase temp
ture. The increase in flame height or intensity cau
an increase in radiative heat transfer, and also m
fresh air is entrained by the fire. These two proces
induce, respectively, heating and cooling effects
solid particles located immediately ahead of the fla
front.

5.2. Effect of fuel moisture content

The moisture content of wildland fuel has lon
been recognized as having a major influence on th
nition, development, and spread of fires[45,46]; how-
ever, a detailed understanding of the principal me
anisms is lacking. Because higher moisture con
implies more heat transfer is needed to dry the fu
as observed in experiments, it is increasingly di
cult for fire to propagate with increasing fuel moistu
content. This is also verified by numerical comp
tation, in which the effect of fuel moisture conte
on ignition of solid particles is included in the ter
Qmass. Under the same conditions as the base
case shown inFig. 4 but with a higher fuel moisture
contentM = 70%,Fig. 6 illustrates an unsuccessf
fire spread case. The distribution of solid fuel ma
density and mass fraction isoline (0.3%) of pyroly
gas (CO) is displayed at two times. At 40 s after i
tial ignition,Fig. 6a shows a large amount of pyrolys
gas is released, indicating a good burning state.
time evolves to 110 s (Fig. 6b), only a small amoun
of CO is released, denoting weak burning. Later,
extinguishes and fire spread terminates. As note
Fig. 6b, there is an oblique interface along the u
burned solid fuel. Because of high moisture cont
and the cooling effect of fresh air at the bottom of t
fuel bed, radiative heating is not sufficient to balan
the heat loss due toQmassandQconv. The fire starts
to extinguish from the bottom and then steadily to
top. This is in conformity with the analysis pertainin
to Fig. 5, in which the difference between heat tran
(a)

(b)

Fig. 6. Time evolution of mass fraction isoline (0.3%) of p
rolysis gas (CO) and distribution of fuel bed mass den
(kg/m3) in the case of unsuccessful fire propagation (a) 4
and (b) 110 s after ignition.

fer mechanisms at the bottom and the top of the
bed was discussed.

5.3. Effect of fuel bed arrangement

As seen inFig. 3, the fuel bed was elevated abo
the ground to simulate an aerial fuel. If the gap
tween the fuel bed and the ground is removed and
fuel bed is placed directly on the ground, compa
with the unsuccessful case shown inFig. 6, the numer-
ical computation shows that fire can propagate s
cessfully at the higher moisture content ofM = 70%.
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Table 1
Effect of the gap between the fuel bed and the ground on
spread success observed from experiments

Fuel bed
arrangement

Fire spread
success

Fire spread rate
(m/min)

Without gap Yes 0.139
With gap No 0.0
Without gap Yes 0.17
With gap No 0.0
With gap No 0.0
Without gap Yes 0.136

Note. Fuel is ceanothus, RH= 36%, Ta = 30.6◦C, L =
2.2 kg/m2, δ = 0.2 m, M = 57.4%, no wind and slope
For successful fire spread case, the calculated rat
0.19 m/min. Using Eq.(27) for fire spread case with gap
the calculated probability of fire spread success is 33%.

This is mainly because the cooling effect from fre
air acting on the bottom of the fuel bed is reduc
with removal of the gap. This numerical result is a
supported by our experimental results as shown inTa-
ble 1. Under the same experimental conditions an
random running order,Table 1shows that fire failed
to spread when the fuel bed was elevated above
ground, but was successful when the gap was el
nated. For successful spread cases, the observe
spread rate was 0.14 to 0.17 m/min, compared with
the model-predicted rate of 0.19 m/min.

The fuel bed arrangement included variations
fuel loading, fuel bed depth, packing ratio, and fu
particle properties. The experimental work of Bu
rows[47] revealed that shape, size, composition, a
arrangement of fuel particles within a fuel array s
nificantly affect the way in which wildland fires be
have. As we discussed the significance of varia
σs, it was noted that heat transport and absorption
fuel particles, moisture transport into and out of fue
production rates of volatile combustibles by pyro
sis, diffusion of air, effects of wind, and so forth a
all related to fuel surface area. It was expected t
with larger surface area-to-volume ratio, fires wou
be more likely to burn with higher fuel moisture co
tent. From the experimental observations of extinct
and marginal burning studies in woody fuel beds, W
son [5] developed a predictive rule of thumb bas
on an extensive experimental data set for fuel b
of dead, woody fuels to determine if fire would bu
or not. The rule was that a fire would rarely burn
M > 0.25 ln(2σsβδ), whereβ is fuel bed packing ra
tio, and δ is fuel bed depth. The productS = σsβδ

gives the total fuel surface area per unit horizon
area of fuel bed. This variable was considered in
model (Eq.(27)) by the termL, in which L = ρsβδ.
For live fuel, values ofσs and ρs are usually con-
sidered constant. Variablesβ andδ are related to the
Fig. 7. Effect of fuel bed depth on time evolution of so
particle temperature and accumulated heats absorbed
solid particle located at the bottom of fuel bed and 5.0
away from the ignition zone.

fuel bed arrangement. For the same fuel, higher
loading means larger packing ratio or greater fuel
depth.

Compared with the baseline case shown inFig. 4,
the fuel bed depth was reduced toδ = 0.2 m and
fuel loading was reduced accordingly to maintain
sameβ. The numerical result obtained shows th
fire spread was terminated after the initial ignitio
and the extinction process was similar to the proc
shown inFigs. 6a and 6b. This result was consisten
with experimental observations.Fig. 7 illustrates a
comparison of time evolution of solid particle tem
perature and accumulated heatQArad,s andQAconv
for two fuel bed depths. Because the locations of s
particles in the two cases were the same, in the pre
region,Fig. 7shows thatQAconv in both cases did no
change, but the radiative heat transfer was stron
for δ = 0.4 m than forδ = 0.2 m. This difference in
QArad,s resulted in a solid temperatureTs = 1030 K
for δ = 0.4 m, thus causing ignition of the solid fue
In the case ofδ = 0.2 m, Ts increased to 380 K an
then decreased to the ambient temperature. Fire
not sustained and fire spread terminated.

Reducingδ or L while keepingβ constant mean
that the effective fuel surface areaS for heat trans-
fer was reduced. This influenced the heat energy
sorbed by solid particles. For a successful fire spr
case (Fig. 4), Fig. 8 shows the instantaneous dist
bution of radiative heat intensity absorbed (posit
value) or released (negative value) by solid partic
in the fuel bed, 80 s after ignition. In the fuel be
along the flame front, there is a clear interface
tween negative and positive values. Because the a
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Fig. 8. Internal distribution of radiative heat intensity a
sorbed (positive value) or released (negative value) by s
particles in the fuel bed denoted by frame. This is a s
cessful fire spread case corresponding to the case sho
Fig. 3.

age optical thickness of the initial fuel bed was ab
16 cm(= 4/βσs), radiative heat transfer arising fro
the fire plume over the fuel bed was absorbed mo
by solid particles located at the top surface of the f
bed. For those particles located at the bottom of
fuel bed, most of the absorbed radiative heat co
from burning embers in the fuel bed. As observ
in Fig. 6, the fire extinguished from the bottom
the fuel bed. An increase in fuel bed depth can
crease the area of radiative heat transfer through
solid matrix, enabling solid particles to absorb mo
heat. On the other hand, increased fuel loading me
more fuel is consumed and thus the fire intensity is
creased. This also increases the amount of heat t
fer through radiation. These factors explain why fi
would be more likely to burn with higher fuel load
ing.

In our numerical model the solid fuel is a
sumed to include two phases, foliage and bran
that have different surface area-to-volume ratios, w
σs = 3687 m−1 for foliage and σs = 1308 m−1

for branches. As evident from Wilson’s model[5],
a larger value ofσs promotes solid fuel burning
Fig. 9 illustrates the time evolution of temperatu
of gas- and solid-phase particles (foliage and bran
located at the bottom of the fuel bed. It is seen t
foliage particles are ignited earlier than branch p
ticles. If the fuel bed includes more fine solid fue
it is easier to achieve a steady fire spread. Obse
tions have indicated that wildfires in chamise usua
do not consume material larger than 0.5 in. (1.27 c
in diameter[45]. To conduct prescribed burning
chaparral, it is important to know the relative amou
of fine solid fuel included in fuel bed.
Fig. 9. Time evolution of temperature of gas and solid pa
cles (two phases: foliage and branch) located at the bo
of the fuel bed and 2.5 cm away from the ignition zone.

Fig. 10. Wind effect on instantaneous gas-phase temper
and velocity vectors of fire spread in the fuel bed 100 s a
ignition.

5.4. Effect of wind

Wind is an important environmental factor that i
fluences wildland fire spread significantly. In sou
western California, dangerous wildfire conditions
created by high-velocity, dry winds known locally
Santa Ana winds. The effect of wind on fire spre
has been studied and discussed by many resear
[13,14,16,48]. However, its effect on marginal burn
ing has not received attention. In this article, the eff
of wind on marginal burning is discussed briefly. T
unsuccessful fire spread case shown inFig. 6was cal-
culated again with a wind speed ofUref = 1.0 m/s.
Fig. 10 illustrates the instantaneous gas-phase t
perature field and velocity vectors at approximat
100 s after ignition. Under the effect of wind, fi
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Fig. 11. Wind effect on time evolution of gas- and sol
phase temperature and accumulated heat absorbed by
particle located at the bottom of the fuel bed and 7.5
away from the ignition zone.

spread is successful. This result is supported by
perimental data. The effect of the wind blowing fro
the left side is that the upward movement of fla
gases is tilted downward toward the unburnt fuel b
The shear flow between the hot gas plume and the
pirated fresh air induces vortices. Because of the
between the bottom of the fuel bed and the grou
fresh air flows with wind into the channel. This vor
cal movement leads to fresh air being drawn from
right side and also from the bottom of the fuel be
A detailed examination ofFig. 11 provides insight
into how wind helps sustain fire spread at a high f
moisture contentM = 70%. Compared withFig. 5a,
in which the most effective energy source is rad
tive heat transferQrad,s, for the same particle, it i
observed that convective heat transferQconv plays a
more prominent role in igniting a solid particle at a
proximately 24 s. Although the effect ofQrad,s is still
positive in the preheat region, the hot gas induced
wind takes more energy to heat the solid particle
cated ahead of the fire front. During the entire burn
time shown inFig. 11, note that the temperature of th
gas phase is higher than that of the solid phase.
exchange in heat transfer mechanism induced by w
helps fire to spread successfully at higher fuel mo
ture content.

5.5. Effect of slope

Topographic slope is one of the essential envir
mental factors that dramatically influences fire spre
During a prescribed fire, the direction the fire spre
relative to the slope is often used to control fire
tensity and fire spread rate[49]. This is because hea
transfer, especially radiative heat transfer, is affec
Fig. 12. Slope effect on instantaneous gas-phase temper
field and velocity vectors of fire spread in the fuel bed. Th
is an angle of 22◦ between the fuel bed and the horizon
level. The coordinate system(x′, y′) is rotated an angle from
the coordinate(x, y) which is applied in the computation.

by slope. We observed that the marginal burning s
was also altered by slope. In this article the effec
slope was simulated by tilting the fuel bed to a slo
angleθ = 22◦ (slope percent= 40%). The unsuccess
ful fire spread case shown inFig. 6 was calculated
again (Fig. 12). This is an upslope fire spread case
that the fire was ignited at the lower side and spre
upward.Fig. 12shows that the upward movement
the fire plume is still vertical but is tilted forward rela
tive to the fuel bed. As analyzed by many research
[21,22,35–37,50], flames that are tilted forward a
closer to the unburned fuel, thereby increasing
radiation heat transfer incident on the fuel, the p
heating range, and thus the rate of spread. These
tors alter the marginal burning state of chaparral sh
fuel. For high moisture contentM = 70%, the com-
puted fire spread is successful, supporting the effe
positive slope in increasing the amount of heat tra
fer to unburned fuel. This result was also validated
our experimental data.

5.6. Effect of environmental temperature and
humidity

In Southern California, the fire season is usua
declared in the seasons of summer and fall. Thi
partly because of high environmental temperatureTa
and low humidity RH in these seasons. Air tempe
ture is one of several important variables conside
when developing a fire “prescription”—the acce
able fuel and environmental conditions under wh
a fire will be ignited to accomplish specific natural r
source management objectives. Air temperature
solar insolation determine fuel temperature. In our



X. Zhou et al. / Combustion and Flame 143 (2005) 183–198 197

om model

Table 2
Effect of environmental temperature and humidity on fire spread success observed from experiments and calculated fr

Date Ta
(◦C)

RH
(%)

L

(kg/m2)
Fire spread
success

Fire spread rate
(m/min)

Calculated rate
(m/min)

Calculated probability
(%)

8/26/2003 37.3 22 3.32 Yes 0.131 0.22 89.7
8/26/2003 37.3 22 3.32 Yes 0.172 0.22 89.7
11/17/2003 20.2 47 3.24 No 0.0 0.0 14.2
11/17/2003 20.2 47 3.24 No 0.0 0.0 14.2

Note. Fuel is chamise,δ = 0.4 m, no wind and flat fuel bed.
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Fig. 13. The final distribution of calculated fuel bed ma
density (kg/m3) of an unsuccessful fire spread at low en
ronmental temperature and high relative humidity.

periments conducted over the course of the calen
year 2003, the values ofTa and RH recorded in dif
ferent seasons were 18.9◦C and 75% (February 7)
23.9◦C and 43% (May 13), 37.3◦C and 22% (Au-
gust 26), and 20.2◦C and 47% (November 17). From
our experimental results, we observed that the p
ability of fire spread success would change withTa
and RH.Table 2illustrates the effect of environmen
tal temperature and humidity on fire spread succ
Under similar experimental conditions, fire spread
the “hot” day with calculated probability 89.7% from
Eq. (27), but failed on the “cool” day with calculate
probability 14.2%. For successful spread cases,
observed fire spread rate was 0.13 to 0.17 m/min but
the calculated rate, 0.22 m/min, was a little higher.

Using the same condition as the baseline c
shown in Fig. 4 but with a lowerTa = 20◦C and
higher RH= 70%, the fire spread process from t
ignition was calculated again.Fig. 13 illustrates the
final distribution of calculated fuel bed mass dens
This is an unsuccessful fire spread case in that o
a part of solid fuel is consumed after ignition. T
extinction process is similar to the process shown
Figs. 6a and 6b. Because of low environmental tem
perature and high humidity, the cooling effect fro
the aspirated fresh air is enhanced.Fig. 13shows an
oblique interface along the unburned solid fuel wh
the fire starts to extinguish from the bottom and th
steadily toward the top of the fuel bed. The numeri
result is consistent with the experimental observa
that a decrease in environmental temperature (o
crease of relative humidity) reduces the probability
fire spread success.

6. Conclusion

Motivated by the results of an extensive exp
imental study, a two-dimensional numerical mo
was developed to simulate marginal burning state
a live chaparral shrub fuel bed. Such a model w
based on a detailed description of the complex
teraction between the solid fuel particles and the
rounding gas. The heterogeneous nature of the s
was taken into account by introducing two phas
viz., foliage and branch. The effects of fuel moistu
content, fuel bed arrangement, wind, slope, and e
ronmental temperature and humidity were conside
in the numerical model. In modeling the transiti
between no fire spread and spread under diffe
conditions, numerical results were consistent with
experimental observations. The analysis of numer
results highlighted the effect of various factors on
marginal burning state. It was found that the relat
importance of convective and radiative heat trans
processes on the ignition of solid fuel differed w
particle location, and could be switched with win
slope, and fuel bed arrangement. The simulated
transfer processes and combustion mechanism in
fuel bed are helpful in understanding the overall f
tors that determine fire spread success.

Direct quantitative comparisons of velocity fiel
temperature, spread rate, etc., is currently not p
sible. In the near term, we are seeking more ac
rate kinetic and thermochemical data for the va
ous chaparral fuels, while continuing to refine vario
submodels.
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