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ABSTRACT

Wildland and Wildland Urban Interface (WUI) fires are an important problem in many areas of the world and
may have major consequences in terms of safety, air quality, and damage to buildings, infrastructure, and the
ecosystem. It is expected that with climate changes the wildland fire and WUI fire problem will only intensify.
The spot fire ignition of a wildland fire by hot (solid, molten or burning) metal fragments/sparks and firebrands
(flaming or glowing embers) is an important fire ignition pathway by which wildfires, WUI fires, and fires in
industrial settings are started and may propagate. There are numerous cases reported of wildfires started by hot
metal particles from clashing power-lines, or generated by machines, grinding and welding. Once the wildfire or
structural fire has been ignited and grows, it can spread rapidly through ember spotting, where pieces of burning
material (e.g. branches, bark, building materials, etc.) are lofted by the plume of the fire and then transported
forward by the wind landing where they can start spot fires downwind. The spot fire problem can be separated in
several individual processes: the generation of the particles (metal or firebrand) and their thermochemical state;
their flight by plume lofting and wind drag and the particle thermo-chemical change during the flight; the onset
of ignition (smoldering or flaming) of the fuel after the particle lands on the fuel; and finally, the sustained
ignition and burning of the combustible material. Here an attempt has been made to summarize the state of the
art of the wildfire spotting problem by describing the distinct individual processes involved in the problem and
by discussing their know-how status. Emphasis is given to those areas that the author is more familiar with, due
to his work on the subject. By characterizing these distinct individual processes, it is possible to attain the
required information to develop predictive, physics-base wildfire spotting models. Such spotting models,
together with topographical maps and wind models, could be added to existing flame spread models to improve
the predictive capabilities of landscape-scale wildland fire spread models. These enhanced wildland fire spread
models would provide land managers and government agencies with better tools to prescribe preventive
measures and fuels treatments before a fire, and allocate suppression resources and issue evacuation orders
during a fire.

1. Introduction

Wildland and Wildland Urban Interface (WUI) fires may have
major consequences in terms of safety, air quality, and damage to the
ecosystem [1]. According to the National Interagency Fire Center the
average of wildfires in the US from 2006 to 2015 was 71,594 with close
to 7 million acres burnt annually [2]. The financial losses of some of
these fires are staggering in terms of civilian and firefighter losses. The
loss of structures has also increased significantly in part due to the
urban development of the wildland. With current drought conditions in
much of the western areas of the United States the danger of wildfires
has continued to increase. Furthermore, it is expected that due to
weather pattern changes because of climate change the problem will
become even more severe in the future worldwide.

The spot fire ignition of a wildfire by hot (solid, molten oxidizing or
burning) metal fragments/sparks and firebrands (flaming or glowing
embers) is an important fire ignition pathway by which wildfires,
wildland urban interface (WUTI) fires, and fires in industrial settings are
started and may propagate. Hot metal fragments and sparks can be
generated by power line interactions, hot work (friction, grinding,
welding), overheated brakes, vehicles’ exhaust systems, ballistic im-
pacts, explosions, pyrotechnics, and other sources of incandescent
particles [3—8]. The particles generated by these events can fly away
from the originated source by initial momentum or can be carried away
by wind. Depending on the energetic characteristics of these particles
and the target fuel bed on which they land, the particles are potentially
an ignition source of vegetation. Once the wildfire has been ignited and
starts growing, subsequent fire spotting by firebrands becomes a
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potential major mechanism for the spread of wildfires or WUI fires. [9].
Firebrand spotting can lead to more rapid fire spread than flame front
propagation because firebrands generated by burning vegetation or
structures can be lofted by fire plumes, and transported downwind to
ignite secondary fires or structures remote from the flame front.
Civilians and firefighters alike can become trapped between spot fires
without escape [10].

There have been many fires which have been allegedly caused by
hot metal particles and sparks. According to published data [11-13],
powerlines, equipment, and railroads cause approximately 28,000
natural fuel fires annually in the United States. There are some
references which have compiled lists of such fires [4,5,12,13], but
many remain unreferenced. After ignition the wildfire can propagate as
a combination of a surface fire and a firebrand spotting assisted fire.
Some of these fires are catastrophic with extensive damage. An example
of these catastrophic fires is the 1991 Oakland Hills fire in Northern
California, were embers from vegetation and structures caused the
rapid spread of the fire resulting in 25 deaths and more than 3000
homes burned [14,15]. Another catastrophic example is the 2007
Southern California firestorm known as the Witch Creek and Guejito
Fires that eventually burned almost 200,000 acres and destroyed over
1100 homes. The California Department of Forestry and Fire
Protection [16] report for these fires alleges they were ignited by hot
particles generated by power lines clashing. The fast spreading
characteristics of these fires were due to spotting by embers as
described by Maranghides and Mell [17]. The 2011 Travis and
Bastrop Counties wildfires in Texas are another example of cata-
strophic WUI fires. Some of these fires were allegedly started when
power lines interacted with each other and nearby trees during high
winds [18]. The 2015 Butte Fire in Northern California has been
reported as started by powerline interactions with trees. Over
70,000 acres were burned and the blaze destroyed 921 structures
[19]. There are many other examples in New Zealand, Australia and
Southern Europe of wildfires that were initiated by hot metal particles
or firebrands and propagated very quickly by firebrand spotting. It has
been reported that in New Zealand 275 fires were ignited by sparks or
flying brands from 2005 to 2010 [20]. In Australia, some of the
devastating wild fires in Sydney in 1994 [21] and of the Black Saturday
event of February 2009 were also generated by sparks and propagated
extremely fast by firebrand spotting [22].

Particles and sparks produced by hot work have been involved in
multiple incidents [3—-5]. An example is the 2012 Taylor Bridge fire in
Washington State which was reportedly caused by sparks from rebar
cutting saw or welding [23]. The fire eventually consumed in excess of
23,000 acres and destroyed approximately 60 homes and in excess of
200 outbuildings [23]. Other aspects of combustible material ignition
by hot metal particles and sparks are also of technical and social
interest. For example, sparks from welding, or dripping molten solder
from pipe soldering, are known to have started fires in wooden
buildings under construction [3]. Sparks have started fires by igniting
expanded polyethylene insulation in buildings [24,25]. Notable is the
ignition of the Beijing Television Cultural Center fire in 2009 where
sparks from fireworks ignited insulating and waterproofing materials
on the walls and roof [26]. Another recent (2016) major incident is the
explosion of fireworks and subsequent fire of the firework market in
Mexico City [27].

The spot fire ignition of a combustible material by a firebrand is
another important aspect of this problem. Firebrands are generally
generated during an ongoing fire, but can also be generated by
conductors interacting with trees or by wood cutting or friction.
Pieces of bark, needles, leaves, small branches are good candidates
for firebrands. Short distance spotting (meters from the main fire front)
may occur continuously while isolated spots may occur at longer
distances (up to a few kilometers) [9,10,28]. The firebrands may land
with enough energy to ignite underbrush, grass or structures. The latter
is particularly important in terms of danger to lives and property. In
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fact it has been observed that most structures destroyed during WUI
fires are not ignited by direct flame impingement, but rather by embers
penetrating vents/eaves or direct ignition of roof construction and
other soft targets [29-31]. Following the devastating 1994 Sydney,
Australia wild fires, a statistical study determined that 75% of houses
were ignited by firebrands, while 25% were ignited by firebrands and
flame radiation [21]. The Oakland Hills Fire [14,15] and the 2002
Hayman Fire [32] are also examples of major life and property losses in
WU fires.

Fire spotting ignition and the subsequent spread of fire is a complex
problem involving multiple physicochemical processes in the solid and
gas phases. These processes depend on many factors, including the
generation of the particles, the size and thermo-chemical state of the
particle (inert or burning), Trajectories of the particles from their
generation to their landing, characteristics of the shower of particles if
any (dense or light), the fuel bed where they land (fuel type, porosity,
moisture content, temperature), and environmental conditions (tem-
perature, humidity, wind velocity). Understanding and prediction of
the problem is of scientific significance but overall it has the potential
to reduce fire losses and to save lives. For example, the identification of
the minimum particle size capable of igniting combustibles typically
found in common spot fires together with the identification of
combustibles fuel beds with a high ignition propensity would help
developing predictive tools that could be used to reduce fire risks.
These could include identifying high-risk power line runs so that
utilities could prioritize fuels treatments. Clearance distances along
highways and railroads could be set in an intelligent way to avoid
unnecessarily large clearances while still reducing the likelihood of spot
fire initiation. This type of information could be used for regulatory
guidance and test standards for fire-safe construction, and efficient
allocation of fire suppression resources during fire events. Wildfire
spread models could be provided with a way to accurately predict
firebrand spot fire initiation as a function of terrain, weather and fuel
bed characteristics. These enhanced fire spread models would provide
land managers and government agencies with better tools to prescribe
preventive measures and fuels treatments before a fire and allocate
suppression resources and issue evacuation orders during a fire.

Although progress has been made in the understanding of some of
these aspects of the problem, there is still a lot to do. Here an attempt
has been made to summarize the state of the art of the problem.
Emphasis is given to those areas that the author is more familiar with,
due to his past and current work on the subject.

2. Spot wildfire processes

The spot wildfire problem can be separated in several individual
processes: the generation of the particles (metal or firebrand and their
thermochemical state; their flight by plume lofting and/or wind drag;
the particle thermo-chemical change during the flight; the onset of
ignition (smolder or flaming)) of the fuel bed after the particle landing,
the sustained ignition of the combustible material, transition to a
flaming fire and its potential spread.

2.1. Particle generation

2.1.1. Metal particles

There are different ways for hot metal particles to be generated.
Power line interactions, hot work or mechanical interactions (impact,
friction, cutting) are among the potential sources. The characteristics of
the generated particles (size, number, thermo-chemistry) depend on
the type of metal and mechanism of generation. In high winds, the
conductors of power lines (generally aluminum or copper) oscillate
(referred to as buffeting or galloping) and may come sufficiently close
to each other to arc or clash [33—35]. During the conductors clashing,
metal fragments may be produced and ejected from the arcing location
due to the gas expansion caused by the arc or by mechanical forces
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from the conductors’ impact. The current of the arc and the duration of
the arc determines the amount of material removed from the con-
ductor, the size and number of the generated particles, the ejection
direction and velocity, and the thermodynamic state (molten or
burning) of the particles [34,35]. Some of the metal from the conductor
may evaporate in the process although it appears that the majority of
the metal melts rather than evaporate [4]. There are only a few studies
published of the characteristics of the generated particles after arcing of
conductors. Particularly relevant are the works of Ramljak et al. [4] and
Pleasance and Hart [33] with clashing aluminum conductors at
amperages between 100 and 500 A. The work of Ref. [4] provides a
statistical study of the size and frequency of particles generated by
clashing power lines at different currents. The results show a prob-
ability distributions of particles with maximum frequency in the
0.75 mm range. The work of Ref. [33] provide similar results although
the larger percentage of particles were in smaller sizes. Particles
generated by welding have similar characteristics to those from
conductors clashing although in general they may be bigger [36,37].
The size of the particles generated by machinery interaction depend on
the type of metal and the energy and removal process (friction,
cutting). Particles generated by friction are generally small (sparks)
of the order of 100 s of um although they are normally generated in the
form of continuous showers [7,38]. Particles generated by cutting are
generally larger and thin (metal shavings) and their characteristics
depend on the cutting mechanism. If there is sufficient heat generation
the shavings can curl as material are cut into hollow relatively spherical
particles [39].

Another important aspect of the particle generation process is the
thermo-chemical state of the particle at generation. Depending on the
type of metal and the generation mechanism the particles may be solid,
molten, oxidizing on the surface or burning in the gas phase (flaming).
When formed during conductors, or electrodes, arcing the metal
particles can be heated above their melting and boiling points if
exposed long enough to the arc. The metal particle may burn as a
vapor (flame) if the metal oxide vaporization temperature is greater
than the temperature of the metal boiling point (Glassman criterion
[40]). Aluminum is often ejected at a high enough temperature to burn
in the gas phase (flaming), because the boiling point of the aluminum
oxide (3800 K) is much higher that of aluminum (2750 K). The burning
mechanism is characterized by a diffusion flame surrounding the
evaporating droplet [40-42]. However, if the particle is ejected at a
lower temperature than the boiling point of the aluminum, an oxide
layer may be formed on the droplet surface that may prevent the gas
phase burning of the aluminum [43,44]. The aluminum surface
oxidation is much slower and less energetic than flaming, although
the heat released in the reaction may increase somewhat the particle
temperature [33,45]. Wind shear forces can remove the oxide layer
allowing the onset of flame burning of the aluminum [43,44]. If the
arcing process is too short the aluminum particle may simply be ejected
in the molten state. In the case of copper it has a boiling point (2070 K)
that is smaller than that of the oxide (2850 K) and according to
Glassman criterion [40] it does not burn in the vapor phase. A
literature search confirms this prediction at least in air [43]. Thus for
copper arcing the particles are generated in the molten state. Also they
are smaller than the aluminum particles because they often break into
small particles during the generation process [6,46]. Although iron can
burn in the gas phase given that the boiling point of the iron oxide
(3403 K) is smaller than that of the iron (3670 K) the difference is
relatively small, which favors the surface oxidation rout [40]. The
surface oxidation reaction is slow and controlled by the rate of oxygen
transport to the surface (diffusion or convection) and the rate of oxygen
diffusion in the oxide layer. Although the oxide layer is thin the heat
released by the reaction can increase the particle temperature during
the oxidation process [45].
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2.1.2. Firebrands

Firebrands are primarily generated from burning wildland fuels
(grasses, shrubs, trees) or wooden structures (structural members,
shakes, singles) that break into smaller burning pieces and are lofted by
a buoyant fire-induced plume. Wildland or structures fires can generate
firebrands when fuels that carry the fire thermally decompose, lose
structural integrity, and smaller pieces of fuel separate from the larger
parent fuel. Although less common, firebrands can also be generated by
power line interactions with trees or structures [47]. The character-
istics of the embers depend on the type of vegetation and the intensity
of the originating fire. In addition to the physical characteristics (size,
density, etc.) they may be flaming or glowing (smoldering). Due to its
inherent complexity, the firebrand/heated particle generation process
may be best analyzed with stochastic models that take empirical data as
input. The work of Tarifa et al. [48] is an early study to determine the
characteristics of firebrands from a wildfire. Another early study is that
of Ref. [49] although more empirical. In the last few years Manzello
and co-workers [29,30,50-59] have embarked on an experimental
program to characterize the number and size distribution of brands
generated by different fuels, and their work is making significant
progress in the understanding of the problem. Particularly novel is
the development of several types of firebrand generators (“Dragons”)
[51,52] and their application to characterize firebrand evolution and
ignition of vegetation and buildings components in WUI fires.

The thermo-chemical characteristics of the generated firebrands is
also another aspect of the problem. Although the embers can be
generated flaming once char is generated the burning turns to glowing
combustion (smoldering). The intensity of the ember burning and the
heat released depends on several factors including the wood character-
istics (type, porosity), char layer and environment [48,57,60]. As the
char builds up it restrains the burning of the virgin wood by preventing
the oxygen from reaching the interior of the particle [48].

2.2. Particle transport

After embers or sparks are generated they may be lofted in a fire
plume and/or transported by ambient winds. This aspect of the spot
fire development is the one that has been studied the most. Plume
correlations or CDF simulations for axisymmetric and line fires [61—
68] can be used in conjunction with drag coefficients to determine the
lofting (vertical) force applied to an ember; the lateral (horizontal)
force components are determined in a similar way based on the wind's
velocity profile.

The trajectories and burning rates of embers lofted by ground fires
have been studied by several researchers over the years. Pioneering
work was conducted by Tarifa et al. [48,68] that experimentally
determined drag and burning rates of spheres, cylinders and plates
of various woods, which were then used to calculate the maximum
range of possible fire spread based on terminal fall velocities. This early
work have been followed by several theoretical and experimental
studies of the transport of firebrands addressing different aspects of
the problem [28,69—77]. The transport of metal particles has received
less attention probably because it does not have the frequency, and
clear impact, of the firebrands in the development of wildfires. The
published works on the subject [33,43,44,78] differ primarily in the
depth that the different aspects of the problem are treated.

Calculating the trajectories of embers or metal particles consist on
the application of Newton's laws of motion to a flying particle. The
formulation of the problem follows the well establish ballistic equations
although with the added complexity that the particles are hot and
maybe burning and consequently that the temperature, size, and mass
of the particles may change in time. The reader is referred to Refs.
[43,48] for a complete description of the problem formulation.
Although the problem looks straight forward there are a number of
issues that complicate its solution. The primary one is the modeling of
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the ember or metal particle burning process because if the particle is
burning, then the particle diameter and mass are functions of the
burning rate and consequently time. The time dependent variation of
the particle mass and diameter affects the gravity and drag forces and
through them the particle trajectory. Diameter variations will affect
also the heat transfer from the particle to the surrounding air. In the
case of firebrands the woody material burns through a heterogeneous
surface combustion reaction (glowing smolder) of the wood in the outer
volume of the ember and by a homogeneous gas phase combustion
reaction (flaming) in the air surrounding the ember. Flaming is more
likely to occur initially followed shortly by glowing. The heat from these
reactions maintains the in depth pyrolysis of the wood which is time
dependent due to the char build up. As the char layer surrounding the
ember grows, the transport of oxygen to its interior is deterred which
eventually prevents further burning of the ember. Thus burning of the
wood changes the mass of the ember and the diameter depending on
the heat released by the reaction and the char formation. The modeling
of these processes is difficult and complicates the accurate prediction of
the firebrand trajectories. An approach is to use experimental data to
develop empirical correlations of the variation with time of the ember
diameter and mass as done in [43]. The experiments of Tarifa et al.
[48,68] remain to date the best data on firebrand mass loss rate and
size regression rate as a function of the relative wind velocity. These
data was used in [43] to develop an effective regression rate equation
for spherical firebrands by fitting the data with a diameter to the fourth
power law. Following a similar approach Anthenien et al. [75]
developed burning rate expressions for cylinders (twigs) and very thin
disks (leaves). Although these studies provide a first step in the
modeling of firebrand burning, there is still a need for ember burning
characterization that would provide information about the transient
effects in the ember burning process and surface temperature as char
builds-up, such as the effect of the type of wood on the burning rate
[79], death versus live vegetation [80].

The modeling of the burning rate in the formulation of the
trajectories of metal particles also complicates the solution of the
problem. In the case of aluminum particles, they can be generated in
the molten state, oxidizing on the surface or burning in the gas phase
with flame surrounding the Al droplet. For flame burning the alumi-
num particles have to be heated during the particle generation process
(arcing) above the melting point of the Al,O3 (2327 K) so that the oxide
does not accumulate on the particle surface and prevents the
Aluminum from burning [43,44]. Also, even in an oxide layer is
formed, it can be stripped away by wind shear allowing the gas phase
burning of the aluminum. In these cases the Aluminum particle will
burn similarly to a liquid fuel droplet with a burning rate described well
by a diameter squared law [40], and the burning constant obtained
from experimental data on Aluminum burning [42,81]. If the particle is
heated below this temperature and an oxide layer is formed the rate of
Aluminum oxidation will be slow and the particle will cool down during
the trajectory by radiation and convection. The solution of the
equations is simpler in this case following well establish methods of
the heat transfer literature [43]. The copper particles are analyzed
following also this approach since they do not burn in the gas phase
[43]. Iron or steel particles (sparks) generated in grinding processes are
generally not hot enough to burn in the gas phase, but they may oxidize
in the solid phase during the particle trajectory. The oxidation process
is slow and limited by transport of oxygen to the surface and within the
steel oxide layer. Depending on the energetic characteristics of the
oxidation reaction and the heat losses to the surrounding air the
oxidation reaction may increase somewhat the particle temperature
from that at generation by transferring part of the heat released by the
reaction to the interior of the particle [46].

The transfer of heat from the particle to the surrounding air is
another aspect of the problem that must be considered. As the particle
travel from its generation location it loses heat to the surrounding air
by convection and radiation. For the cases where the particle does not
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burn or oxidizes, the particle will cool down during the flight. If the
particle is molten, the rate of solidification can be obtained from a
lumped energy equation with the heat loss is dependent on both the
convective and radiative cooling rates. For solid inert particles, the rate
of temperature change can be obtained using a lumped energy equation
[43]. The heat transfer coefficient is calculated from the Nusselt
number for the corresponding geometry. For this calculation, the film
temperature of the air surrounding the particle is used to estimate the
air thermal properties. Since the particle temperature changes with
time, so does the Reynolds and Nusselt number which affects the drag
force and heat transfer coefficient [43].

The ejection velocity of the particles during their generation is
another parameter of the problem that may be important in some
specific cases. It appears in the formulation of the problem as a
boundary condition. For the firebrands transport it is appropriate to
assume that the ember separates from its parent material with zero
initial velocity. However, for metal particles generated during an arcing
process (conductors clashing or welding) the particles are ejected from
the arcing location with an initial velocity and in multiple directions
due to the gas expansion caused by the arc. Measurements from videos
of power line clashing [3] and in other unpublished works indicate that
the ejection velocity is of the order of 1 m/s [33,43]. The document of
Ref. [33] reports laboratory experiments where ejection velocities as
high as 20 m/s are measured. However, it is questionable the accuracy
of the measurements because the velocities are calculated from high
speed videos within milliseconds of the arcing and the report acknowl-
edges potential problems with camera saturation from the arc flash that
lasts 100 ms. The ejection velocities in metal grinding are better
defined since depend strongly on the rotation speed and diameter of
the grinding device.

Models similar to those of Refs. [43] and [75] can be used to
calculate the trajectories of the particles for different environmental
conditions. For aluminum particles, for example, the calculation show
that larger particles land closer to the ejection location and that smaller
particle may burn out before landing on the ground [43]. The particles
ejected in the wind direction travel farther than those ejected against
the wind and as a result the particles land in an ellipsoid area
downwind. Similarly large embers land closer to the generation
location and small firebrands burn before landing. Combining topo-
graphical maps of a wildland fire location with wind models of the area
and the particle trajectories it is possible to predict potential locations
of wildfire spotting [82]. Such predictions could be used by the
firefighting command center to allocate suppression resources and
issue evacuation orders during a fire.

2.3. Fuel bed ignition

Once the particle lands on the fuel bed the particle transfers its energy
to the surrounding fuel and air. If the particle has enough energy the fuel
is heated and pyrolyzes, while the particle cools down in the process. The
pyrolyzate mixes with the air and a flammable gaseous mixture may be
generated near the particle. If the particle is still hot enough and big
enough it can act as a pilot and ignite the gaseous mixture as a flame. If it
is not hot enough to cause the flaming ignition of the fuel it still can
provide enough energy to initiate the flaming of the gas by spontaneous
ignition. Alternatively, the hot particle can initiate a self-sustained
smolder of the fuel that eventually may transition into flaming. Thus,
this complex ignition process depends on several factors, including the
size, temperature, and state of the particle at landing. If the particle is a
metal whether it is solid, molten, oxidizing, flaming, or if it is an ember
whether it is inert, smoldering/glowing or flaming. The characteristics of
the fuel bed on which the particle lands (fuel type, temperature, density,
porosity, void fraction, moisture content), the landing characteristics of
the particle (fully or partially embedded on the fuel bed, bouncing,
splashing) and environmental conditions (temperature, humidity, wind
velocity). Naturally a study of this complexity must be parameterized.
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2.3.1. Experimental work

2.3.1.1. Firebrands. Only relatively few studies have examined the
critical conditions that can lead to fire initiation after the landing of a
metal particle or firebrand on a natural fuel bed. The later subject is
quite broad since it includes wildland and WUTI fires. Notable is the
pioneering work of Manzello and Co-workers [50-59,83-88] of the
ignition of natural fuel beds and structural components by showers of
firebrands. These WUTI related studies address a number of practical
issues such as firebrand penetration in home roofs and vents and
subsequent fire ignition, ignition of fences and decks by accumulation
of firebrands etc. An important result is that with firebrand showers the
accumulation of firebrands in deck crevices, fence corners, vertical
walls and garden mulch, etc. enhances the ability of the firebrands to
ignite structures. In addition to the unique information contained in
these works, one important aspect is the improved understanding of
WUI fire development and its application to building fire codes
modification. Another interesting approach to obtain data on the
generation of firebrands in wildland fires is the investigation of
Filkov et al. [89] that describes a study of the production of
firebrands during prescribed fires in a pine forest. The study provides
interesting information on type of firebrands produced, mass and size
distribution of firebrands, and velocity of the firebrands.

Examples of small scale experiments attempting to understand the
basic mechanisms of the ignition of natural fuel beds by firebrands is
the exploratory work of Refs. [90,91]. In those experiments wooden
cylinders of different sizes are ignited to flaming or glowing and drop
on a fuel bed of cellulose or saw dust. The ignition of fuel beds by the
“laboratory” firebrands are observed with IR videos to determine the
characteristics of the process. The work resulted primarily in qualita-
tive information about the problem. Recently Urban et al. [92] have
been conducting studies on the effect of the moisture content of the fuel
(FMC) on the smolder ignition of sawdust by firebrands. Moisture
content of the fuel is one of the most important parameter of the
problem, if not the most important, because it determines the limiting
condition for ignition of a fuel in terms of its natural state. In the
experiments of [90] embers made from wooden cylinders of various
sizes up to 12 mm in diameter and length are brought to glowing
combustion with a flame and then dropped onto the sawdust below.
The FMC boundary which for a given size firebrand there is a 50%
chance of smolder igniting the sawdust is determined by performing a
logistic regression on the experimental results. Results from this work
show that larger embers are capable of igniting sawdust with a higher
FMC, which is reasonable since they have a larger energy content to
evaporate the water contained in the fuel. The largest ember studied,
11.1 mm, had a FMC ignition boundary of 40%. The FMC ignition
boundary then decreased as the particle size decreased. It was found
that a 1.6 mm ember was unable to ignite a smolder in a fuel with a
moisture content below 1%.

2.3.1.2. Metal particles. The subject of spot ignition by metal particles
is also broad, particularly because of the number of parameters
involved. Early studies on the subject are the experiments of Refs.
[33,46,93] The most detailed study is that of Rowntree and Stokes [93]
that presents data on the ignition of Barley grass by hot aluminum
particles and discusses the dependence of the ignition event on the
temperature and size of the particles. The author and co-workers [94—
102] have been studying the problem with the objective of providing a
better understanding of the physic-chemical mechanisms controlling
the spot fire ignition process. The basic experimental approach is to
heat a particle of a specific metal typically encountered in spot fires
(steel, aluminum, copper, brass) to a given temperature and then drop
it onto a fuel bed of interest (cellulose powder and paper strips, natural
and powdered dry grass, and natural and powdered dry pine needles,
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sawdust), and to observe if flaming ignition or smolder ignition
occurred. Most of the studies were limited to observe the onset of
flaming ignition because smolder ignition is more sensitive to
experimental variations, and it is difficult to determine if smolder
would eventually transition into flaming. Ignition or no ignition of the
fuel by the particle was determined as a function of the parameters
involved in the problem. Because of the many parameters influencing
the ignition process the study was conducted varying systematically
some of the parameters of the problem, such as the type of metal of the
particle, its size and temperature, whether solid or molten, the type of
fuel bed, the fuel moisture.

Different aspects in the study of the effect of the type of metal on the
flaming ignition behavior of cellulose fuel beds are reported in Refs.
[94-100]. In the study of Ref. [94] the fuel bed void fraction and
method of heating the particles were different than in the other studies
which is reflected in the differences of results. A summary of the
flaming ignition boundaries with powder cellulose as fuel and for
stainless steel, aluminum, copper and brass spheres is shown in Ref.
[99,100]. Cellulose was selected as a “laboratory” fuel because is a
major component of woody biomass and is well characterized and
homogenous. The boundaries in these plots correspond to a 0%
ignition likelihood. For all metals, the temperature required for ignition
decreases with particle diameter. This relationship is strongest for
small particles. The data suggest that there are two ignition regimes: a
large diameter regime where ignition is primarily dependent on
particle surface temperature, and a small diameter regime where both
bulk energy and temperature play important roles. Large particles all
have large energy because of their mass, thus energy is not a factor in
the fuel ignition but temperature is. Small particles have small energy
because of their small mass and consequently they may not have
enough energy to ignite the fuel. Consequently size (mass) and
temperature (energy) are both determining factors for ignition by
small particles. Overall no major differences are observed in the
ignition boundaries for the different metals. Notable is that aluminum
has a thermal conductivity that is an order of magnitude larger than
that of steel and this is not reflected significantly in the ignition
potential of solid aluminum particle versus the steel particle. Melting
however has a marked effect on the impact behavior of the aluminum
particles. The ignition temperature boundary of molten aluminum is
clearly lower than other metals and has a flatter region corresponding
to the melting temperature of aluminum. In this region, the aluminum
solidifying contributes significant energy to the fuel, equivalent to a
~400 °C temperature rise in a solid aluminum particle, which explains
the lower temperature for ignition of aluminum particles.

The flaming ignition boundaries obtained with aluminum particles
and different fuel beds were reported in Ref. [101]. The fuel beds tested
were a-cellulose, a dry grass blend, and pine needles in both powder
form and as paper strips (cellulose), natural dry grass and pine needles.
The fuels were chosen to be representative of fine 1-h natural fuels such
as duff and litter. Comparing the different ignition boundaries of these
fuels provides insight into the effects of fuel morphology and the
addition of lignocellulosic compounds on the ignition boundaries.
Consistent with the results with cellulose as fuel the results show a
hyperbolic relationship between particle size and temperature. For
larger sized aluminum particles, the ignition boundaries are not very
sensitive to particle size, while for small particle sizes the ignition
boundary is very sensitive to the particle size. The results show that the
ignition boundaries for pure alpha-cellulose fuels are very sensitive to
changes in the fuel bed macrostructure while the grass blend fuels are
not as strongly affected. It is also seen that pure cellulose ignites at
lower temperatures than vegetation. This suggests that the lignin and
the more diverse chemical structure of actual natural fuels deter their
ignition when compared with pure cellulose. It also shows that fuel in
powder form ignites at a lower temperature than in natural form which
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shows that the morphology of the fuel is also an important factor in the
ease of ignition.

Although most of the work reported above was based on flaming
ignition, it is recognized that smolder ignition it is also a likely form of
wildfire initiation. As a follow-up of previous work Urban et al. [102]
conducted a study to observe the ignition differences between flaming
and smolder. Comparison of the flaming ignition and smolder ignition
boundaries are given for a powdered grass blend as fuel and stainless
steel and aluminum particles. The determination of sustained flame
spread, extensive smolder spread or transition to flaming was not
pursued. Each of these phenomena are sufficiently complex as to
deserve their own study. In this work self-smolder was defined when a
visible char layer surrounding the particle had a thickness greater that
the particle diameter and movement of the smoldering front was
observed. This criteria was supported by readings from an IR camera,
which showed increasing temperatures after a period of cooling. As a
final check, a handful of tests were performed where the smoldering
front was allowed to propagate freely through the entire sample over
the course of 1 h. The experimental ignition boundaries in terms of the
particles diameter and temperatures show that for the same particle
properties smolder ignition occurs at lower temperature than flaming
ignition. This is understandable because the energetic and temperature
requirements for smolder initiation are smaller than those for flaming
ignition.

An evident conclusion of the results summarized above is that there
is not a single ignition temperature (smoldering or flaming) of a
combustible fuel bed, and that the ignition temperature depends of the
characteristics of the ignition source and fuel bed. In the above
referenced works the lowest flaming ignition temperature observed
was around 600 °C for the largest aluminum particles (8 mm diameter)
igniting cellulose powder, and 500 °C for smolder ignition of sawdust
grass blend powder. For even larger particles the ignition temperature
might be lower, but the data indicates an asymptotic trend toward the
above values. It should be noted that the study of Pitts [103] for the
ignition of cellulosic fuels heated with a hot plate is sometimes
referenced to report the ignition temperature of cellulosic fuels
(290 °C and above). However, it should be taken into account that
the heating source in Ref. [103] is not representative of a hot metal
particle or ember igniting a cellulosic fuel. In those tests the heating
plate is much larger than common hot metal particle sizes and it is kept
at constant temperature with an electrical heater that prevents the
plate from cooling down as it heats the fuel bed as it occurs with a
metal particle or ember. Thus, it is understandable that the cellulosic
fuels would ignite at those low temperatures.

The possible existence of a minimum particle size for ignition is
another important issue in the present problem. In the studies reported
above, in Refs. [95—102] the method used to heat the particles had a
maximum temperature of 1100 °C. In Ref. [93] a few tests were
conducted with temperatures up to 1400 °C and 1300 °C in Ref. [94].
At these temperatures, the minimum particle size for ignition of
cellulosic fuels was approximately 2 mm in diameter for both flaming
and smoldering [93,95]. Rowntree and Stokes [93] extrapolated their
results to higher temperatures and predicted smaller aluminum
particles for ignition, although this has not been verified. They
conducted however some tests of the probability of showers of
aluminum particles of different sizes igniting barley grass [93]. The
particles were generated by arcing aluminum electrodes which pro-
duced a shower of particles of different sizes. In the tests the particles
temperature was not measured although it is implicit that it was larger
than 1400 C since they were generated by arcing. They found that
particles smaller than 1 mm could ignite some of the fuels tested
although with a very low probability (~3% max). Particles with 2 mm
diameter showed probabilities of ignition of the order of 20%. It is
unclear however if accumulation of the particles was a factor in the
observed results. As it was discussed above regarding showers of sparks
from hot work, even if the particles have very high temperature if they
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are very small they may not have the energy necessary to ignite the fuel
unless there is an accumulation of particles in a location.

As indicated above, the moisture content of the fuel is one of the
most important parameters of the problem for dead fuels because the
moisture is typically largely water which must be evaporated before a
solid fuel can be pyrolyzed or smoldered. It should be noted that for live
fuels, other effects such as water being trapped in cell walls and
significant changes in the chemical composition of the fuel depending
on the time in the growing season affects the moisture effect on the fuel
ignition. Very few studies have been conducted on the effect of
moisture on the ignition of natural fuels by hot metal particles. Zak
et al. [95] did some preliminary experiments on the effect of moisture
on the ignition of cellulose by steel and brass particles of different sizes.
As expected larger particles and higher temperatures were needed to
ignite the cellulose for higher moisture content. A more systematic
study is that of Wang et al. [104] that studied the effect of the fuel
moisture content and of wind on the flaming and smolder ignition of
pine needles by hot steel particles. They also found that for a given
particle size as the FMC was increased the critical temperature for
ignition of the fuel also increased. The experimental data was corre-
lated with simple expression for the critical temperature for ignition in
terms of FMC and particle diameter [104]. An aspect of this issue that
needs to be addressed is the existence of a limiting value of the FMC
beyond which a natural fuel will not ignite by hot particles.

2.3.2. Theoretical modeling

The experiments have clearly established that ignition of fuel beds
by hot particles cannot be described on the basis of a particle's thermal
energy content alone, i.e. minimum ignition energy concepts that have
been applied to the ignition of flammable gases do not apply to
condensed-phase materials. Unlike ignition of a flammable gas mixture
by a hot particle, in the ignition of a cellulosic fuel by a hot particle, the
particle must have enough energy to first thermally decompose or
pyrolyze the natural fuel. Afterward the particle must have enough
extra energy and high temperature to either: initiate a self-propagating
smolder reaction; or initiate the flaming ignition of the flammable
mixture of pyrolyzate and air near the particle. The later could be
through a spontaneous ignition process if the particle temperature is
relatively low or a pilot type ignition if the particle temperature is high.
Thus in order to model the ignition process, a theoretical model must
properly simulate porous solid and gas heat and mass transfer, flow
transport and chemical reactions in the condensed and/or gas phases.

A few analytical studies related to ignition of fuel beds by particles
have been conducted. In particular, “hot spot” theories have been
applied to natural fuels [105,106] but the work of Ref [94] suggests
that their predictive capabilities are more qualitative than quantitative.
A possible explanation is that the hot spot theory was developed for far
more energetic materials such as solid propellant which do not include
gas phase mixing, or the presence of competing endothermic and
exothermic thermal decomposition reactions. Another simplified ap-
proach to model the spot ignition problem without solving the full
governing equations is that of Zak [107] that used a one-dimensional
model (spherical symmetry) to predict the flaming ignition of a
powdered combustible material (cellulose) by a hot metal particle. By
extracting the scaling parameters that control the different mechanisms
involved in the flaming ignition of the fuel the analysis provides insight
into the problem. This theoretical model was later extended with Urban
et al. [102] to model the smolder ignition of a porous material by a hot
metal particle. The 1-D spherical smolder ignition model showed that
near the smoldering ignition boundary the hot metal particle that
initiated the smolder would also cool down and act as heat sink.
Smoldering ignition would only occur if the smoldering front could
overcome the heat losses to the particle.

Although these later approaches are promising, it is likely that to
model the problem accurately it will be necessary to develop detailed
numerical models of the problem. An example of such approach is the
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model developed by Lautenberger and Fernandez-Pello in Refs.
[108,109] of the spotting ignition of a porous fuel bed by a firebrand.
The model description is split into three parts: 1) Condensed phase,
which applies inside the porous fuel bed and includes both a solid and a
gas phase, 2) Gas phase, which applies in the exterior ambient, and 3)
Boundary/initial conditions which describe the particle. The condensed
phase computational model formulation is based on the GPyro
computer code [110] and includes the two-dimensional conservation
equations for a porous combustible material undergoing thermal and
oxidative reactions. The reaction mechanism used is based on a
mechanism to simulate the oxidative pyrolysis of white pine [111].
The mechanism consisted of four steps and included a reaction to
account for moisture evaporation. The condensed phase analysis is
coupled to the Fire Dynamics Simulator (FDS) Version 5.1.3 [112] with
some simplifications and approximations. The boundary and initial
conditions on the gas phase (handled by FDS) and the powdered
cellulose (handled by the pyrolysis model) are described in detail in Ref
[109]. A temperature wake forms downstream of the volumetric heat
source that represents the firebrand, with the gas-phase temperature
rise above ambient due primarily to heat provided by this heat source.
A quasi-steady state is reached, where the temperature increases
slightly with time as the surface temperature of the cellulose increases,
reducing heat losses from the heated gas to the solid. The model
predicts that the cellulose is heated preferentially downstream of the
ember, as one would expect. The temperatures are low enough that
minimal smoldering occurs, with a thin char layer forming only near
the cellulose surface where it abuts the heat source representing that
firebrand. The model also calculates the concentrations of various gas-
phase species inside the decomposing porous solid (cellulose in this
case). This is critical for predicting the transition from smolder to
flaming as well as accounting for differences in burning behavior in
inert and oxidative environments.

The model and resultant computer simulations appear to be
capable of discerning between conditions that will or will not lead to
initiation of a spot fire after landing of a firebrand. However, additional
work is required to characterize practical materials and to better
understand the boundary condition between the firebrand or heated
particle and the fuel bed. Because the heat transfer between the particle
and the fuel and environment is a critical mechanism in the problem, a
3-D model is needed to predict quantitatively the spot ignition
problem. Also challenging is determining the material properties and
reaction kinetics of various fuels that must be supplied as input to the
model. The reaction kinetics of the firebrand as the char layer increases
and the wood temperature decreases also requires further study.

3. Concluding remarks

The problem of the spotting of wildfires by hot particles is complex
and difficult to predict. In this paper by describing the distinct
individual processes involved in the problem and discussing their
current know-how status an approach is underlined to help developing
models of wildfire spread where spotting is important in their initiation
or propagation. The methodology of studying each individual step in
sequence to build up the information required to develop a predictive
model for wildfire ignition by heated metal particles and firebrands
could be used to simulate different aspects of the wildfire problem. For
example, it could be used together with statistical data of weather
patterns and vegetation distribution in the development of wildfire
hazard maps that could guide identifying high-risk power line runs so
that utilities could prioritize fuels treatments [113]. Another example
of the use of such methodology is to determine clearance distances
along highways and railroads in an intelligent way to avoid unnecessa-
rily large clearances while still reducing the likelihood of spot fire
initiation. This type of information could be used for regulatory
guidance and test standards for fire-safe construction, and efficient
allocation of fire suppression resources during fire events.
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Furthermore, wildfire spread models could be provided with a way to
better predict firebrand spot fire initiation as a function of terrain,
weather and fuel bed characteristics. These enhanced wildland fire
spread models would provide land managers and government agencies
with better tools to prescribe preventive measures and fuels treatments
before a fire and allocate suppression resources and issue evacuation
orders during a fire.

However, as pointed out in the discussion of the individual process
several aspect of the problem still need further study. For example, the
overall differing characteristics of the fuel bed, including fuel type,
morphology, porosity, moisture content, etc. makes the modeling
problem very challenging because of the variety of fuel beds encoun-
tered in the wildland. In the case of ignition by metal particles
information is needed of the characteristics of very small particles
(sparks) and their ignition propensity. Also needed is information
about accumulation of sparks in a localized spot from showers of
sparks. If the shower is dense the metal fragments and sparks will land
close enough to interact with each other or may accumulate to produce
larger particles. If the shower is disperse the particles may be treated
individually. Similar results may occur with showers of firebrands.
Thus the characterization of the showers of sparks or firebrands in
realistic situations is important. Another important aspect of the
problem is the characterization of the burning processes (flaming,
surface oxidation, oxide or char accumulation) of metal particles and
embers. Also needed are models that can discern between smolder
ignition, spontaneous ignition or piloted ignition to flaming.

One approach to overcome these problems is to use statistical
methods to determine the ignition propensity of a metal particle or
firebrand. For the fuel bed characteristics, probability data of the ease
of ignition of a given fuel beds could be used. When addressing the
particles as the source of ignition a statistical approach such as a Monte
Carlo for the simulation of the size of particles, density of the spray of
particles, burning characteristics, seems very useful. Another possible
approach is to look at limiting cases such as considering the powder
form of the fuel rather than the grass or needle form since the powder
fuel is the easiest one to ignite. Also, limiting cases could be used for
the particle characteristics at landing, such as considering a single
particles or a very dense spray, average size particles, flaming or
smoldering, etc. These approaches together with the available know-
how about the wildland spot fire ignition mechanisms could provide
current fire spread models with a way to accurately predict firebrand
spot fire initiation as propagation as a function of weather and fuel bed
characteristics.
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