
AN ABSTRACT OF THE THESIS OF

Derek Bean for the degree of Doctor of Philosophy in Mechanical Engineering

presented on June 7, 2022.

Title: Ignition of Fuel Beds by Firebrands

Abstract approved:
David Blunck

The severity of wildfires around the globe is increasing. At the same time, urban develop-
ment is expanding outward into areas where severe fires occur. There is an increased risk
of home loss to fires in areas where severe fires and urban expansion meet. Ignition of
homes or nearby fuel is a significant mechanism of home loss. To date, a general model
for ignition has proven elusive due to the limited quantification of parameters that control
ignition. Thus, understanding and quantifying the processes and parameters that control
ignition is essential to reducing home losses. This work considered the influence of fuel
bed properties (i.e., particle size and chemical composition), environmental conditions
near the ignition site (i.e., wind speed and direction), and variations of ignition sources
(i.e., spacing, count, and energy deposition) on the likelihood of ignition. A combination
of experimental and computational approaches were conducted to determine the influence
of the parameters studied on ignition. Ignition propensity increased when conduction
was favored due to small particle sizes compared to radiation-driven heat transfer to fuel
beds with larger particle sizes. Ignition was also sensitive to fuel bed species. Fuels high
in lignin were not able to be ignited, and increased wind speed decreased the ignition
threshold for some, but not all, materials. The formation of recirculation zones caused by
wind decreased the ignition threshold. The propensity of wind orientation with respect
to the ignition source influenced the formation of recirculation zones. As the size of the
recirculation zone increased, the ignition threshold decreased. In windy conditions, the
presence of multiple firebrands had little influence on the ignition threshold. However,
at low wind speeds, interactions between additional firebrands significantly influenced



ignition. Finally, results from all ignition tests conducted in this work were aggregated,
and an ignition model was created. It is anticipated that the insights gained from these
studies and the subsequent model may act as a novel framework for predicting ignition.
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Chapter 1: Introduction

Wildfires are inevitable and are often beneficial in many ecosystems around the globe.
However, wildfires are also a significant source of destruction, especially when they
transition from fire-adapted ecosystems to the built environment where homes, structures,
and sometimes whole communities are consumed. In recent years the number of homes
and structures lost to wildfires has increased and is likely to further increase due to
three factors. Climate change is currently and is anticipated to be a driving factor for
increased fire severity [1]. Wildfire exclusion has led to significant changes in ecosystems,
promoting more severe fires [2, 3] and the expansion of the Wildland Urban Interface
(WUI) has increased the number of homes in the path of fires [4, 5]. While the risk of
loss due to fires is likely to increase for the foreseeable future, adapting structures to the
increased risk by accurately predicting risks both before and during fires may reduce the
number of structures lost [6].

A significant mode of structure ignition is by firebrands [7]. A firebrand, alternatively
called an ember, is a hot combusting particle of biomass that travels from an active
fire to another surface or biomass (e.g., pine needles, leaves, or a crevice in a deck). If
the firebrands have sufficient energy, they may ignite the material they land on, leading
to ignition, spot fires, and potentially the destruction of a structure. Characterization
of firebrand and spot fire processes typically involve three parts: the generation of a
firebrand in the fire itself, transport of a firebrand from the fire to the eventual landing
point, and the interaction of the firebrand with the surrounding material [8].

The overall goal of this work is to identify parameters and processes that control
the ignition of a fuel bed when an firebrand lands on it. Four specific objectives were
addressed to provide a framework for achieving the overall goal based on the current
knowledge of fuel bed ignition. The specific objectives of this work are as follows:

1. Determine the effects of sizes of the recipient fuels on ignition behavior,

2. Ascertain ignition dependence on heating location(s), mode, and rate,

3. Identify and quantify the influence of wind on ignition propensity,
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4. Identify the influence of fuel bed chemical composition on flaming ignition

The structure of this dissertation is as follows. First, the current state of knowledge of fuel
bed ignition modeling is summarized as it applies to this work (Chapter 2). A literature
review specific to each objective is contained in the corresponding manuscripts. The
results of this effort are then presented in manuscript form, followed by the conclusions,
suggestions for future work, and appendices. The first manuscript addresses sensitivi-
ties of ignition to the particle size of the fuel bed materials (Chapter 3). The second
manuscript explores the influence of wind and fluid phenomena around the firebrands
in the presence of a heat source unaffected by wind (Chapter 4). The third manuscript
identifies sensitivities to ignition related to chemical composition and thermal properties
in both quiescent conditions and with wind (Chapter 5). The fourth manuscript identifies
changes in ignition propensity when multiple firebrands are located close to the fuel bed
(Chapter 6). Chapter 7 summarizes the conclusions of each manuscript and introduces
an ignition model developed from the conclusions and data collected. The model is then
applied and extended to other ignition experiments from the literature to evaluate the
accuracy of ignition predictions across different ignition conditions. The model proposed
in Chapter 7 provides a framework to allow the prediction of ignition across various
firebrand and fuel bed combinations both in the laboratory and in the field.

It is anticipated that this work will provide insights and a basis for the creation of a
simplified model that can accurately predict ignition. For example, in a recent conver-
sation with a developer of the Fire Dynamics Simulator (FDS), the need was expressed
for an accurate and low computational cost methodology or model to predict ignition for
better fire spread predictions. Due to the large scales in fire simulations ( 10m grid size)
a detailed model of ignition (<1mm grid size) is not feasible. Similarly, risk management
personnel or homeowners are not likely to have the capability to create detailed models
to predict risk around structures and homes they are tasked with protecting. The model
proposed in Chapter 7 is anticipated to become or act as a framework for an easily
implemented model that can be used by the fire scale modelers, firefighting personnel, or
homeowners to accurately evaluate the risk of ignition due to firebrands. Thus, closing a
significant gap in the current knowledge of ignition.
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Chapter 2: Background

This chapter provides a discussion of the background and motivation of this work in
further depth than the manuscripts presented later in this dissertation. Here, a general
overview of ignitions as a threat to structures and fire spread and the current state of
knowledge and predictive capabilities is communicated. Each manuscript includes a
relevant and more detailed literature review pertaining to the specific objective of the
chapter.

2.1 Widlfires and the WUI

Wildfires have been an integral part of many ecosystems for millennia and are often
beneficial or required for maintaining a healthy ecosystem. As beneficial as they may be
to the natural environment, wildfires pose a significant risk to the built environment. As
communities around the world have expanded communities outward into environments
that support wildfires (e.g., forests and grasslands), the risk of destruction of structures
by wildfires has increased [5]. In the United States, 91% of the Wildland Urban Interface
(WUI) growth of 189,000km2 (larger than the state of Washington) development between
1990 and 2010 is occupied by homes [9] and has continued to grow on recent years. The
increased development in these areas means that an excess of 40 million homes are located
in areas that may be threatened by a wildfire.

In addition to the increase of homes in the WUI, the intensity and severity of fires
have increased. California is an example of the increased fire severity where 13 of the
20 most destructive fires have occurred since 2010, and 7 of the 20 most destructive
occurred in 2020 and 2021 [10]. Increasingly severe fires are not just limited to California.
Texas and Tennessee each had one of the top ten most severe fires in the United States
between 2005 and 2020. Colorado, Oregon, Washington, Oklahoma, and Florida have
also seen highly destructive fires in recent years [11]. The United States is not unique in
the presence of wildfires that destroy homes. Australia’s Black Summer in 2019-2020 was
one of the most severe fire seasons in the country’s history [1] where over 3000 homes
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and greater than 46 million acres burned [12], which is approximately equivalent to 75%
of Oregon’s land area. The Mediterranean countries of Portugal, Spain, France, Italy,
and Greece are also either experiencing greater losses or are a risk for greater losses due
to wildfires in recent years. Similar trends are also present in many Asian and South
American countries [13]. Wildfires that threaten lives, homes, and structures are truly a
global phenomenon, and it is essential to understand how homes are ignited and destroyed
in wildfires to better prevent losses from occurring.

2.2 The Problem of Ignition

Ignition of a home in a WUI fire is attributed to three primary mechanisms; direct flame
contact, ignition by radiative heating, and ignition by firebrands. Of these methods,
ignition by firebrands is considered to be a primary threat to homes [14–16]. Case studies
of WUI fires have consistently attributed structural losses to firebrand ignition [17, 18]
with one study attributing at least 2/3 of home losses to firebrands [19]. With the
majority of ignitions occurring due to firebrand ignition, it is imperative to understand
the mechanism of firebrand ignition to reduce home losses. An analysis of structures
burned in California wildfires from 2013 to 2018 found that many of the homes lost
would have been considered "fire-safe" by current standards but were still ignited by
firebrands [20]. Codes, standards, and best practices built upon a better understanding
of ignition by firebrands would help provide better resilience to firebrand attacks [7]
reducing the number of homes lost in wildfires. Examples of these changes may include
adjustments in building and landscaping materials favoring the selection of harder to
ignite species or housing geometry constraints to reduce the collection of flammable
materials or firebrands. Without a comprehensive knowledge of the ignition process,
creating the codes and standards to reduce the risk of home loss is challenging at best
and may even be counterproductive.

The general mechanism for firebrand ignition is considered to be a three-step process
that starts within the fire itself, often at a significant distance from the ignition point.
First, a firebrand is generated as burning material breaks off or is lofted into the air.
Second, the firebrand is then lofted through the air and transported to the ignition
site. Third, a firebrand lands on a recipient fuel bed, and then ignition occurs if the
criteria for ignition are met [8]. When considering the possibility of ignition during a
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fire event, all three processes must be considered as each process significantly influences
the properties of a firebrand landing on a fuel bed. For example, the number, energy
content, and size of firebrands that may land on a fuel bed are significantly influenced
by the surrounding foliage [21] and moisture content of the foliage [22] which introduces
significant variability in ignition sources a fuel bed may encounter. Similarly, the winds
transporting a firebrand significantly influence the path of travel and time of flight, which
influences the energy content [23, 24] and localized winds around structures may lead
to firebrand accumulation [25–27]. Unfortunately, the generation and ignition processes
are significantly less understood than the transport processes [7]. The work contained
in this dissertation is focused on the ignition process of the fuel bed by a firebrand and
does not consider the generation of firebrands. For further information on firebrand
generation processes, the reader is referred to review papers considering this process by
Fernandez-Pello [28], Manzello et al. [7] and Babrauskas [8].

Firebrands have been identified as a source of structure loss as early as the 1600s [29]
however, studies of firebrand ignition have only begun recently. Perhaps one of the
first studies published to specifically address firebrands within the scope of structure
loss was conducted by Waterman in 1969 [30]. However, research remained sparse until
the early 2000s. Early research and a significant portion of current research have been
conducted by dropping combusting firebrands [31–35] (either flaming or glowing) or hot
metal particles [36–39] onto fuel beds in varying configurations that simulate conditions
in a wildfire and observing ignition or no ignition outcomes. These works have identified
some parameters that appear to control ignition but models created from these studies
only provide qualitative predictions of ignition. The lack of models of quantitative
accuracy was identified by Finney et al. in 2013, who identified the lack of a fundamental
understanding of what processes occur and how they interact as a primary gap in the
knowledge of ignition [40]. A similar need was identified by Manzello et al. in 2018 [13]
and again in 2020 [7]. As fires increase in severity and the WUI continues to expand,
the number of homes lost to wildfires is likely to increase in the near future significantly.
Thus, the need for accurate predictions of ignition has never been higher.
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2.3 Modeling Efforts

Creating a model with quantitative accuracy of ignition requires a thorough understanding
of the processes and relative importance of each process leading up to ignition. Figure 2.1
illustrates the different factors that can influence the ignition process. To better under-
stand how these parameters affect the ignition process can be considered as a series of
three processes. The first is the heat transfer to the fuel bed from the firebrand. The
second is the pyrolysis of the fuel bed material and the subsequent release of pyrolyzates
into the air above the fuel bed. The third step is the mixing of the pyrolyzates with air
above the fuel bed and subsequent gas-phase ignition. It is important to note that all
three of these processes may occur simultaneously throughout the ignition process and are
often interconnected. For example, as heat is transferred from the firebrand to the fuel
bed, the thermal conductivity of the fuel bed changes with temperature both before and
after pyrolysis begins [41]. Furthermore, the heat transfer mode and thermal resistance
between the firebrand and fuel continuously change as mass is released due to pyrolysis,
which may influence ignition [42]. With the interconnection of the processes that occur
during ignition and the inherent variability of fuel beds and biomass fuels in general, the
quantification of parameters that influence ignition is quite challenging. Despite these
challenges, results of previous research have identified influential parameters that have
consistently been observed to control ignition. This work considers these parameters as
belonging to one of three categories, namely, thermo-physical properties of the fuel bed,
energy supplied by the firebrand, and environmental conditions near the ignition point.
Detailed reviews of each category are provided in the relevant manuscripts and are not
reproduced here. The remaining sections of this review address the predictive models
of ignition that have been created from the current state of knowledge. The accuracy
and applicability of each model are discussed in turn, and the remaining challenges are
identified as they have motivated the objectives of this work.

Perhaps the first model to be considered for the ignition of wildland fuels is the hot
spot theory. The hot spot model considers the ignition of a fuel bed by a heat source
(firebrand) by determining the energy required for a thermally explosive reaction in the
fuel [43, 44]. The minimum hot particle size for ignition of a fuel bed, as presented by
Hadden et al. [39], is shown in Equation 2.1.
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Fuel: k(T, t, ρ),
species, particle
size, moisture con-
tent

Environment: RH,
U, TI, T, wind di-
rection

Firebrand: T, E,
size, composition

Pyrolysis Gases

Pyrolysis Front

Convective and Radiative Losses

Conduction and
Radiation Heat
Transfer to Fuel

Figure 2.1: Illustration of key features of fuel bed ignition and parameters/characteristics
that may influence ignition. The black region near the firebrand represents char formed
as the result of pyrolysis.
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rcr = δcr

√√√√ k

ρA∆H

RT 2
p0

E
exp

(
E

RTp0

)
(2.1)

In this equation, δcr is defined as the critical Frank-Kamenetskii hot spot parameter
and is determined from calculations [45]. δcr is dependent on the ratio of volumetric
heat capacities of the ignition source and the material, the activation energy of the
material, and the temperature of the hot particle. In Equation 2.1 k, ρA, E, and ∆H are
the thermal conductivity, density, pre-exponential factor, activation energy, and heat of
combustion of the fuel bed material, respectively. R is the universal gas constant, and Tp0

is the initial temperature of the heat source. Ultimately, Equation 2.1 defines the particle
energy needed to raise the temperature of a fuel bed region such that thermal runaway
and subsequent ignition occurs. The hot spot theory has some limitations that prevent
quantitative predictions of ignition in a wildfire setting. A discussion of the shortcomings
of the hot spot theory is presented by Thomas [44] and more recently presented by Hadden
et al. [39] with respect to wildfires. The two most significant shortcomings addressed
by the previous works are neglecting heat losses to the surroundings and considering
the pyrolysis and ignition phenomena as single-step, infinitely fast reactions. Hadden et
al. attribute these shortcomings as a significant source of error for quantitative ignition
predictions. This assertion is reinforced in a review by Fernandez-Pello [28] who concluded
that in instances where hot spot theory has been applied, only qualitatively accurate
predictions of ignition had been obtained. A similar model to hot spot theory but with
a more comprehensive inclusion of heat loss from the firebrand was developed by Yin
et al. [46]. A correlation between fuel properties, the energy transferred to the fuel bed,
and the time to ignition was proposed and is shown in Equation 2.2.

√
tig ≈

q

√
ρf k
cp

ρZ∆Hc

tb
− hT (Tf − T0)

(2.2)

Comparing the correlations presented in Equations 2.1 and 2.2, Equation 2.2 includes
properties of the fuel bed (ρ, k, cp, Z, T0) and firebrand (ρf , ∆Hc/tb, Tf ) as well as
the energy required for ignition (q) mirroring the Frank-Kamenetskii critical hot spot
diameter. The addition of heat losses to the ambient is the most significant difference
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from the hotspot parameter and addresses a key shortcoming of the hot spot theory.
However, the model does not consider the combustion of the fuel bed other than the
critical energy for ignition, leaving the second key gap for the hot spot theory unaddressed.
Perhaps due to the omission of combustion, this model suffers a similar fate as the hot
spot theory and follows qualitative trends but is not quantitative. Ultimately, the hot
spot theory and similar models do not capture the complexity and variability inherent
to ignition [7].

Another approach that has been used to predict the onset of ignition in fuels is defining
the critical mass flux for ignition. The critical mass flux model asserts that if energy
is transferred into a fuel bed at such a rate or quantity that the mass flux of pyrolysis
products released is above the "critical" value, ignition will occur [47]. The critical mass
flux approach has been primarily considered for the ignition of solid materials such as
PMMA [48] and wood slabs [49, 50]. In these studies, the critical mass flux was well
correlated with ignition; however, a general model that predicts ignition across materials
and experiments is lacking. One shortcoming is the sensitivity to environmental conditions
and material properties. In work conducted by McAllister for wooden plates, sensitivities
to thermal boundary conditions were anticipated to be magnified in consideration of fuel
beds made of particles. Differences in pyrolysis between the materials were also of concern
as oxygen availability and boundary layer effects of the particle fuel beds were postulated
to have a significant effect [50]. Numerical studies considering the critical mass flux for
a piloted ignition reported that the mass flux at ignition was sensitive to the Damkolher
number above the fuel bed [51] giving further support to the sensitivity to boundary
conditions (i.e., wind near the ignition source). While further study and development of
the critical mass flux could potentially be expanded to address its shortcomings, other
models have been developed that are more promising.

Proposed ignition models that provide greater accuracy than the hot spot and critical
mass flux models do so at the expense of complexity and computational cost. The
majority of these models and modeling efforts use a two-part approach to join a pyrolysis-
specific solver to address the chemical kinetics of an existing or custom computation fluid
dynamics solver. This approach requires selecting a combination of three parts, each
of which has limitations and considerations which may affect the accuracy of ignition
predictions. First, an appropriate chemical kinetic mechanism must be chosen based on
the computational resources available. For example, many early works [52] and some
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more recently [53, 54] have considered pyrolysis to occur as a single step process or as a
process of few reactions (approximately ten or fewer). Newer kinetic mechanisms have
been developed to more completely capture the processes of pyrolysis and are much
more complex. Perhaps the most comprehensive mechanisms are extended forms of the
mechanism developed by Ranzi et al. [55]. Additions to this mechanism have expanded
the method to include extractives to cover a greater variety of biomass [56] and the
addition of reactions to address gas-phase reactions previously not considered [57]. For
a more detailed discussion of the progression and challenges of biomass pyrolysis, the
reader is referred to review articles by Di Blasi [58] and more recently by Haberle et
al. [59].

One of the most recent and most promising tools for ignition modeling and pyrolysis
is Gpyro which is a pyrolysis solver specifically designed to handle both the condensed
(solid) and gas phase of biomass combustion [60]. Gpyro is often coupled with the Fire
Dynamics Simulator (FDS) [61], an LES solver specifically designed to capture physics
relevant to fires, to form a complete computational package. The combination of Gpyro
and FDS has been utilized to observe combustion sensitivities and ignition sensitivities.
For example, a study of the effects of moisture content on ignition using Gpyro/FDS
suggested that moisture in the fuel affected ignition, gas-phase combustion, and pyrolysis
of the fuel [62]. Other studies using Gpyro/FDS have been conducted to predict ignition
and observe controlling parameters [38, 63, 64]. Unfortunately, the Gpyro/FDS modeling
requires significant computational expenditure. The high computational cost of tools
like Gpyro/FDS prevents them from practical application across the vast number of
configurations and possible ignition threats present in the wildland urban interface.

To balance the need for accuracy and computational cost, a usable and accurate model
is anticipated to be between the critical mass flux and the full CFD model with respect
to complexity. The understanding of the effects (e.g., environmental conditions, fuel bed
properties.) that are most influential to ignition is not complete enough to develop such
a model. Bridging this knowledge gap by identifying and quantifying which parameters
are the most influential to ignition or non-ignition outcome is the overall goal of this
work. The identification of the most influential parameters is anticipated to enable the
creation of a model that can predict ignition across a variety of fuel beds, firebrands, and
environmental configurations.
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3.1 Abstract

The increasing occurrence of severe wildfires, coupled with the expansion of the wildland
urban interface has increased the number of structures in danger of being destroyed by
wildfires. Ignition by firebrands is a significant avenue for fire spread and structure loss;
thus, understanding processes and parameters that control the ignition of fuel beds by
firebrands is important for reducing these losses. In this study the effect of fuel bed
characteristics (i.e., particle size and porous or solid fuel bed) on ignition behavior was
considered. Modelling and analysis was conducted to better understand parameters
that are dominant in controlling ignition. The fuel beds, made from Douglas-fir shavings,
Douglas-fir plates, or cardboard plates, were heated with a cartridge heater (i.e., surrogate
firebrand) to observe ignition. Smaller particles were observed to ignite more readily in
porous beds than larger particles when heat transfer from the heater is primarily through
conduction. This occurs in large part due to differences in contact area between the
fuel bed and the heater coupled with thermal properties of the fuel bed. As particle
sizes increased, ignition was more likely to occur at extended times (>100s) due to
the increased importance of radiation heat transfer. Douglas-fir plates were primarily
observed to ignite at times where conduction was the dominant mode of heat transfer
(<10s). Heat flux delivered to the fuel bed was observed to be a more accurate predictor
of ignition likelihood and ignition time than heater temperatures. The characteristic ratio
of transport and chemical timescales can be used, in conjunction with the measured heat
flux and thermal diffusivity of the fuel beds, as a first approximation to predict ignition
for the porous fuel beds. This suggests that future work focusing on these parameters
may produce a general characterization of fuel bed ignition probability across fuel beds
materials and morphologies.

3.2 Introduction

Increasing urban expansion into the wilderness has increased the area of the wildland
urban interface (WUI). The increase of the WUI, coupled with global climate change
has resulted in fires of increasing severity, size, and impact to humans. For example,
consider the state of California in the United States, where four of the five largest fires
and three of the five most destructive fires have occurred in the past decade [10, 65].
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These fires highlight a trend in the increasing severity of wildfires. Of particular concern
with the increasing severity of wildfires is the severity of fires in the WUI. The 2018
Camp fire, where residential property losses amounted to more than twice the reported
costs for nationwide federal suppression efforts during the same year [66, 67], is a stark
example of how severe a fire that occurs in the WUI can be. A significant mechanism
for the spread of fires into the WUI, or even within the WUI, is the ignition of fuel beds
by firebrands [15, 68]. Ignition by firebrands in wildfires occurs when a hot combusting
particle is generated within the fire and transported, typically by wind, to a recipient
fuel bed [69]. Structures in the WUI often have geometry conducive to the collection
of firebrands, further increasing the risk of ignition [29]. Hence, efforts to mitigate the
destruction that can be caused by fires in the WUI must consider the role of ignition by
firebrands.

Three primary processes control the ignition of fuel beds by firebrands. Specifically,
heat transfer between the fuel bed and the firebrand, pyrolyzate generation in the fuel bed,
and the mixing of the pyrolyzates above the bed at sufficient temperatures for ignition
to occur [8]. A recent review of the role of firebrands in the spread of fires by Manzello
et al. [7] identified that research into the ignition behavior of fuel beds by firebrands
is critical to improving preventative measures. Work conducted by Manzello et al. [34,
35, 70] studying ignition of various fuel bed materials (e.g., cut grass and pine needle
beds) concluded that the most influential factors for ignition were the number flux of
firebrands to the fuel bed, the size of the firebrands, and the airflow over the fuel bed.
Similar conclusions were found by Urban et al. [71], who found that larger firebrands
were more likely to ignite fuel beds (i.e., fine sawdust) across a range of fuel moisture
contents. These observations illustrate the critical role of heat transfer to the fuel bed in
causing ignition. What is not clear from studies such as these is how ignition behavior
would change for fuel beds other than those tested, even if identical firebrands were used.
Even how the size of fuel particles alter ignition is not clear. Such knowledge is needed
to help transition knowledge to a variety of fuel beds that can be present near the WUI
(e.g., wood shavings, needles, leaves, etc.).

Essential to understanding the ignitablility of fuel beds is understanding how the
role of heat transfer and energy of a firebrand influences ignition. Hadden et al. [39]
found that as the energy content of hot metal particles increased the ignition probability
increased. It was also observed that the particle energy alone is not a sufficient condition
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for ignition to occur and that a minimum particle temperature is required. Similarly, Zak
et al. [72] observed that the energy of a metal particle was not a sufficient parameter for
ignition and minimum values for particle energy and temperature are required; the values
of which are dictated by the ability of hot particles to generate sufficient amounts of
hot pyrolyzates in fuel beds. Further studies by Fernandez-Pello et al. [38] added to the
understanding of these factors concluding that heat losses from the hot particle, which
reduce the heat flux to the fuel bed, can have a significant impact on the ignition of fuel
beds. Additional studies conducted by Urban et al. [37, 73] found that the timescale
of flaming ignition can be relatively short (≤ 100 ms). Furthermore, smaller fuel bed
particles tended to ignite at lower metal particle temperatures. A sensitivity of ignition
to the chemical composition of the fuel bed was also observed. While sensitivities to fuel
bed particle size, ember particle size, and ember energy have been observed, the relative
effect of each parameter on ignition limits and a general application of these sensitivities
across various fuel beds and embers remains elusive.

Studies evaluating the heat flux of firebrands and the critical heat flux for ignition
have yielded further insights into the ignition process. Hakes et al. [74] found that, for a
single cylindrical firebrand and piles of firebrands, peak heat flux values ranged between
20 and 60 kW/m2 with average heat fluxes between 12 and 25 kW/m2. The mass of
the firebrands or piles of firebrands had little effect on the peak heat flux but directly
influenced the total energy released. Tao et al. [75] and observed similar heat fluxes for
various of natural and manufactured firebrands. Bearinger et al. [76] observed similar
average heat fluxes but observed higher heat peak heat fluxes for firebrands deposited
on a steel plate. Hakes et al. [74], Tao et al. [75], and Bearinger et al. [76] observed
that an increase in wind speed significantly increased the measured heat flux. Hernandez
et al. [77] found that Monterey Pine (pinus radiata) needles ignited under heat flux as
low as 10 kW/m2 with ignition time decreasing proportionally to the inverse square of
increasing heat flux. In similar tests but with different fuels, Rivera et al. [78] observed
that critical heat fluxes for ignition were highly dependent on fuel bed properties with the
critical radiative heat flux increasing as the porosity decreased. Reported critical values
ranged from 6.64 kW/m2 to 20.85kW/m2 for Monterey Pine needles with porosities of
0.09 and 0.01, respectively. It has been observed that a variety of firebrands are capable
of producing heat fluxes well above the critical heat flux values long enough for ignition
in some fuels. However, upon comparing these values to other studies, ignition is not
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guaranteed if the critical heat flux rate and duration are met. For example, experiments
conducted by Manzello et al. [70] used firebrands similar to Hakes et al. [74] and Tao et
al. [75] with fuels similar to Hernandez et al. [77] and Rivera et al. [78] (e.g., wooden disks
on pine needles) but did not observe ignition under conditions that would be anticipated
to produce ignition. It should be noted that the studies conducted by Hernandez et al.
and Rivera et al. were conducted under quiescent conditions and those by Manzello et
al. between 0.5m/s and 1.0m/s. Nevertheless, the reported values of firebrand heat flux
at 0.5m/s and 1.2m/s conditions by Tao et al. suggest ignition is likely to occur for
instances where no ignition was observed. Not observing ignition under conditions at the
apparent intersection of these findings suggests that other factors may be as important
as heat flux and duration of heating.

Given this background and motivation the objective of this work is to identify how
the size of fuel particles influences ignition and to ascertain changes in ignition of porous
and solid fuels. Time to ignition tests with a cartridge heater were conducted to elucidate
this sensitivity. It is anticipated that the observations from this study will enhance the
understanding of fuel bed ignition and enable more focused studies regarding additional
effects of fuel bed properties on ignition.

3.3 Methodology

The time to ignition was measured for five different fuel bed conditions with varying
surface temperatures of a resistance heater. The time to ignition was the metric used to
evaluate the ignition propensity. The experimental apparatus, as illustrated in Figure 3.1,
was designed to replicate both conduction and radiation that may occur when a firebrand
lands on the fuel bed. The heater was held in place by a lever arm that, when lowered,
positioned the heater at a fixed location for the duration of the test. The firebrand
was represented by a 6.35mm diameter 51mm long cartridge heater capable of a 250W
output. The heater was inserted 3mm into the bed (approximately half the diameter)
in the porous media tests and on top of the plates for the other experiments. The
temperature of the heater was continually recorded via a type-K thermocouple attached
to the top of the heater. An important distinction between using the lever arm holder
and a naturally occurring firebrand is that the location of the heater remained fixed
and, for times greater than roughly 10s, could lose contact with the fuel bed as material
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was lost because of pyrolysis. Thus, for the longer ignition experiments the arrangement
mimicked a firebrand with a gap between it and the fuel bed, instead of a firebrand
that maintained consistent contact. The rationale in using the lever arm was to ensure
that the heater was placed a consistent depth within the fuel bed since sensitivities of
ignition to heat source penetration depth have been observed by Wang et al. [79]. The
temperature of the heater was held to within ± 6% of the set point using PID control
implemented in LabVIEW. Power delivery to the heater was measured at a rate of 1kHz
for all tests. Admittedly, the temperature and heat transfer from an actual firebrand
to a fuel bed may vary more than that of a controlled heater, nor does the heater have
a piloted ignition source. Nonetheless, trends of ignition propensity are expected to be
similar between the heater and firebrands since the heat transfer rates calculated in these
experiments are in the range of 1kW/m2 to 21kW/m2 which are comparable to heat
flux values reported by Hakes et al. [74] and Tao et al. [75] for combustion of glowing
firebrands on an instrumented surface. The advantage of using a heater was that it
allowed sensitivities of ignition to the fuel beds and controlling processes to more readily
be identified because the boundary conditions were measured, controlled, and consistent.

Wood particles and flat plates were used as the fuel bed materials. The fuel par-
ticles were Douglas-fir (Pseudotsuga menziesii) shavings sorted into three size classes:
Lc <1mm, 4mm < Lc < 6mm, and 6mm < Lc < 12mm to allow sensitivities of ignition
to be identified. Fuel particles were generated by processing Douglas-fir lumber through
a planer and then sorted by screening and/or granulating to achieve the desired size
distribution. The fuels were placed in a glass container with a diameter 140mm and a
depth of 70mm. The container was filled to the rim for the porous media tests, but the
fuels were not packed. The materials used for the tests with flat plates were Douglas-fir
and corrugated cardboard processed into 75mm-by-75mm squares. The thickness of the
Douglas-fir and cardboard plates were 5mm and 6mm respectively. For plate ignition
tests, the plates were stacked in the container to be level with the rim, replicating the
porous media tests as close as possible.

The time to ignition was determined from the signal emitted from a BPX65 photodi-
ode positioned to capture the lowering of the cartridge heater and the flames resulting
from ignition. This measurement approach only considered flaming ignition. The time to
ignition was defined as the time between the maximum light intensity gradients, which
corresponds to lowering the heater onto the fuel bed and the ignition event. The pho-
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todiode was sampled at 1kHz. Consistency in airflow, and thus oxygen availability, was
achieved by maintaining the apparatus in the same orientation in a fume hood with
the same airflow settings for every test. The average air velocity over the fuel bed was
measured using a hot wire anemometer (TSI IFA300). Measurements were taken with
the sample bowl filled with fuel particles and the heater in the lowered testing position
at room temperature with the probe positioned approximately 16mm above the fuel bed.
The average air velocity over the fuel bed was 0.1m/s.

Fuel Bed

Photodiode

Heater

Figure 3.1: Experimental apparatus for the ignition propensity tests. The lever arm used
to lower the apparatus into the fuel bed, the fuel bed size relative to the heater, and the
location of the photodiode are illustrated.

The heat transfer to the fuel bed was estimated by applying an energy balance
around the heater using the supplied (measured) power to the heater and subtracting the
calculated infrared radiation losses to the surroundings. The heat flux was determined by
normalizing the heat transfer to the heater by one-half of the surface area of the heater.
This surface area was justified as the heater was inserted to a depth of half the diameter for
each test. Heat loss to the surroundings was estimated by measuring temperatures along
the length of the heater but with no fuel bed material in the apparatus. These temperature
profiles were then used to estimate the heat losses to the ambient. The emissivity of the
heater was taken to be 0.60 [80]. Heat flux values were calculated as an average for the
duration of the test, and for a 200ms window when the heater made contact with the fuel
bed. These two time scales allowed differences in sensitivities between average and initial



19

heat flux to be observed. The heat flux values provide insights into variations in the
characteristic rate of heat transfer from the heater to the fuel bed for each of the materials
tested. Combining the heat flux for each material with the estimated thermal conductivity
of the fuel bed enabled representative temperature distributions within the fuel bed to be
determined. It is acknowledged that the processes addressed in this work are transient,
thus the thermal diffusivity of the materials is applicable. However, thermal conductivity
is considered here because the calculation of the thermal conductivity relies on fewer
correlations and is potentially more accurate. Additionally, the thermal properties of the
materials are derived from literature such that both properties are directly proportional to
the experimentally obtained bulk density. Thermal conductivity of the fuel bed materials
were estimated using the mean of minimum and maximum effective thermal conductivity
correlations in porous media [81]. The correlation for effective thermal conductivity is
shown in Equation 3.1 where ϵ is defined as the proportion of volume occupied by air,
as is shown in Equation 3.2.

keff = 1
2

( 1
(1 − ϵ) /ksolid + ϵ/kair

+ ϵkair + (1 − ϵ) ksolid

)
(3.1)

ϵ = 1 − ρsolid

ρbed
(3.2)

The thermal conductivity of Douglas-fir plates and corrugated cardboard plates were
obtained from literature [82, 83]. The bulk density of the porous material (ρporous) and
the solid (ρsolid) were obtained from experimental samples. Table 3.1 shows the mean
bulk density for each material and the corresponding estimated thermal conductivity
values for the porous materials and the solid plates. The values shown in Table 3.1 were
used as inputs to the computational models, as discussed later.

Table 3.1: Measured (ρ̄) and estimated (k) fuel bed properties

Material ρ̄ (kg/m3) k (W/(m K))
Douglas-fir plates 510 0.120

Lc <1mm 135 0.042
4mm < Lc < 6mm 69.9 0.034
6mm < Lc < 12mm 36.9 0.030
Cardboard plates 115 0.053
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Fuel Bed

40mm

40mm

Figure 3.2: Diagram of the computational domain where black lines indicate domain
boundaries, and red lines are boundaries defined by the heater. The arrows denote flow
of pyrolysis products from the fuel bed into the air above the fuel bed.

Three simplified models were implemented to obtain further insights into the physical
and chemical processes causing trends observed in the experimental ignition efforts. First,
the temperature evolution of the fuel bed was modeled. Second, the time-averaged
mass flux and species concentrations of the pyrolysis species leaving the fuel bed and
entering the air were estimated using the calculated temperatures of the fuel bed. Third,
the ignition delay times of the gaseous pyrolysis species estimated to depart the fuel
bed were calculated. Time-averaged and spatially constant values were used for mass
flux and mass fraction of pyrolysis products leaving the fuel bed. Figure 3.2 shows
the computational domain representing the fuel bed. Figure 3.3 shows the data flow
between the models where the rectangles indicate the implementation of a model or
calculation, ellipses indicate an output of interest, and the rounded rectangles indicate
an input from measurements or literature values. The dotted and dashed boxes outline
which calculations pertain to each chemical mechanism used and the overlap shows
the information that is transferred between the models. The fuel bed temperature
was modeled using OpenFOAM [84]. Modeling of the pyrolysis was conducted using
Cantera [85] with the BioPOx mechanism [57]. The Bio1412 mechanism [55, 86] was
used for gas phase species exiting the fuel bed. The Bio1412 mechanism contains 137
species and 4533 reactions. The BioPox mechanism contains 710 species, 5035 reactions
and includes both primary pyrolysis and secondary pyrolysis. The inclusion of secondary
pyrolysis is important for the combustion of products in the fuel beds studied since the
particle fuel beds contain air that may affect the composition of gases as they leave the
fuel bed.
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Modeling of the temperature evolution of the fuel bed was implemented to represent
what occurs during the experiments. The domain size for the fuel bed was 40mm wide
and 40mm in depth and ensured that wall effects did not influence the heat transfer over
the 10s of simulations. The 10s time limit was chosen since the majority of experimental
ignitions occurred before 10s, as explained shortly. Additionally, it was observed in
experiments that the fuel bed began to lose contact with the heater beginning near 10s,
potentially reducing the applicability of the model beyond this time. All sides of the fuel
bed domain were treated as insulated, aside from the heater interface. The insulated
sides and bottom of the domain are representative of experimental conditions, but the
insulated top surface does not account for losses due to convection or radiation from
the fuel bed materials. Nonetheless the calculated temperature distribution within the
fuel beds are expected to be valid because heat transfer is dominated by conduction.
Reactions and mass loss are not considered in determining the temperature distributions
of the fuel beds. Despite these limitations, the calculated temperature distributions
provide insights into the mass of each fuel bed material that undergoes pyryolysis which
in turn is used for understanding the experimental results.

Combustion of the fuel bed materials was considered in two steps. Reactions occurring
within the domain of the fuel bed were characterized with the BioPOx mechanism to
include both pyrolysis and gas phase reactions. Reactions occurring at the exit of the fuel
bed were considered solely gas phase, thus the Bio1412 mechanism was used. Chemistry
calculations for both domains were performed in Cantera. A detailed chemistry model
was considered to best capture the physics of the ignition process. However, a detailed
discussion of differences in chemistry leading up to ignition are beyond the scope of this
work. Instead, this work focuses on qualitative insights into ignition behavior. The mass
of the fuel bed undergoing pyrolysis was defined as the mass of the fuel bed material above
220°C. 220°C was selected as it corresponds to the onset of hemicellulose pyrolysis [87]
and is the lowest temperature estimated for reactions to occur encapsulating the potential
breakdown of all constituents. The temperature at which pyrolysis occurred was taken as
the average temperature of the fuel bed material above the temperature threshold. This
step was necessary since the Cantera calculations performed were 0D. This approach
provided an estimate of the average mass per unit time undergoing pyrolysis reactions.
The exit area of the pyrolysis products was assumed to be constant for the duration
of the test and was defined by the surface area of the fuel bed adjacent to the heater
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Figure 3.3: Illustration of the model used for the estimated heater flux (q′′
heater), thermal

conductivity of the fuel bed (kbed), and chemical composition of the fuel bed (Ybed), (e.g.,
cellulose) to calculate temperature (T ) and pyrolyzate distribution above the fuel bed,
and determine the resulting ignition delay times(τ). Here the subscript bed represents
the properties of the fuel bed materials and pyrolysis represents the pyrolysis products
leaving the fuel bed and entering the air above the fuel bed. For example, Vpyrolysis

represents the velocity of pyrolysis gases leaving the fuel bed and entering the quiescent
air domain.
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above the pyrolysis temperature at 10s. Species were anticipated to depart the fuel bed
and participate in gas phase reactions if they were included in both mechanisms. The
mass flux of species departing the fuel bed was defined as the mass fraction of the gas
phase species in the fuel bed relative to the mass of the fuel bed undergoing pyrolysis
(T>220°C) divided by the surface area of the fuel bed above the pyrolysis temperature
as shown by the dashed lines in Figure 3.2. While in a physical experiment the mass flux
and exit area would vary with time, all materials were treated equally in this study for
simplicity and consistency in generating and understanding trends.

3.4 Results

The time required for flaming ignition to occur for the various fuel beds is shown in
Figure 3.4 as a function of heater set point temperature. Four observations are noted.
First, the ignition times generally occurred within the first 10s. If ignition did not
occur after 10s then it would typically take between 100s and 1000s to ignite, if at all.
Conditions where ignition did not occur are not included in Figure 3.4. A histogram of
ignition times and the probability density for each material are shown in Figure 3.5 to
further quantify the distribution of ignition times. The probability density of the Lc <

1mm fuel particles, Douglas-fir plates, and cardboard plates are normally distributed
with centers at 2.3s, 2.8s, and 3.9s. The Lc < 1mm fuel particles have an outlier peak
centered at 1000s. The 4mm < Lc < 6mm and 6mm < Lc < 12mm fuel particles are
bimodal with highest density peaks at 1.7s and 113s respectively. The secondary peaks
occur at 113s for the 4mm < Lc < 6mm fuel particles and 2.1s for the 6mm < Lc <

12mm fuel particles. Second, the probability of ignition at extended times increased as
the particle sizes increased. Specifically, the proportion of ignition events in where tign <

10s group were 90%, 77%, and 47% for the particles Lc < 1mm, 4mm < Lc < 6mm, and
6mm < Lc < 12mm particle sizes, respectively. The third observation is that ignition
was not observed beyond 100s for either of the solid plate fuel bed materials. Trends
in ignition times for the plates were most similar to those for beds with the smallest
particles. Fourth, for the ignition events that occurred within the first 10s there is no
apparent relationship between time to ignition, temperature, particle size, and fuel bed
type. Additionally, the long timescales of some ignition events suggest that smoldering
initiates and then transitions to flaming combustion. Since the incidence of ignition
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at extended times increases as the particle size increases the potential for smoldering
to flaming transition is attributed to thermal and physical properties of the fuel bed.
The different sensitivities of ignition just described are attributed to differences in the
bulk thermal properties, the interface between the heater and fuel bed, and the global
equivalence ratio of the fuel bed, as explained later.

Figure 3.4: Time to ignition and heater temperature at ignition for all fuel bed materials.
The dashed and dotted boxes emphasize the two general times-scales associated with
ignition.

The clustering of ignition times in either the tign < 10s or 100s < tign < 1000s
time-scales is attributed to shifting of dominant heat transfer modes from conduction
to radiation. This shift occurs because of the heater fixture apparatus and the physical
properties of the fuel beds. Initially, the heater and the fuel bed are in contact. The beds
with larger particles have lower bulk densities; larger fractions of the fuel bed consist
of air and have less contact area between particles. As a result, the effective thermal
conductivity of the fuel beds decreases as the particle size increases as is shown in Table 3.1.
For a fixed heater temperature the higher effective thermal conductivity for the smaller
particles would result in a higher mass of particles above the pyrolysis temperature (as
supported by calculations) producing conditions more conducive to ignition. As particle
sizes decrease the pyrolysis products are also in closer proximity to the heater increasing
the chances of either heating or piloted ignition as the gas flows over the heater. As a
result, a larger percentage of smaller particle fuel beds ignite within 10s, than the larger
particle fuel beds (i.e., the second trend noted for Figure 3.4). As heating progresses, a
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Figure 3.5: Ignition count (left) and probability density (right) of time to ignition for
the fuel bed materials tested. The dashed and dotted boxes corresponding to the two
zones of ignition from Figure 3.4.

separation between the fuel bed and heater occurred because the heater was held in a
fixed location while the fuel bed height decreased because of pyrolysis. Anecdotally this
separation was observed to occur after ≈10s for the various fuel beds. This separation
causes the dominant mode of heat transfer to shift from conduction to infrared radiation.
This change is significant because it corresponds to ignition times to shifting from being
less than 10s to being generally greater than 100s, as shown in Figure 3.5. In addition,
the larger particles tended to be longer thin particles which, on average, have a larger
view factor per volume than the smaller particles. Hence, higher energy deposition per
volume occurs for the larger particles when radiation is the dominant mode of heat
transfer. As a result, the larger particle fuel beds more readily receive radiation and
more readily ignite for tign >100s, consistent with the trends discussed previously. The
shift in dominant modes of heat transfer also causes solid plate fuel beds to not ignite
after 100s. As separation between the heater and fuel occurs and heat transfer shifts to
being dominated by radiation, the higher thermal conductivity of the solid materials (i.e.,
ksolid = 0.12W/(m K) vs k<1mm ≈ 0.042 W/(m K)) reduces the temperature gradients,
peak temperatures, and the release of pyrolyzates.

Further analysis of the time to ignition results reaffirm the influence of the fuel bed
properties and heat transfer between the heater and fuel bed. A random forest regression
model was implemented using the scikit-learn python package [88] to identify which
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parameters were most correlated to the incidence of ignition occurring at either less than
or greater than 10s. The random forest regression model builds a series of independent
decision trees based on experimental variables (e.g., average heat flux, particle size, etc.)
and determines from those trees which variables have the largest influence on predicting
the correct outcome (i.e., flaming ignition). A model is then assembled based on the
specific values of each variable that best predict the desired outcome. Of the parameters
recorded or calculated from experimental results, the incidence of ignition within each of
the time scales was predicted with at least a 90% certainty (out of bag and R2 validation)
when considering the estimated heat flux to the fuel bed, the fuel bed density, the power
delivered to the heater at the time of heater contact, and the heater temperature. The
power delivered to the heater at the time of heater contact is included as it serves as a
comparison for a an initial reference of heat flux by which a comparison between ignitions
that occurred in the radiation dominated mode at extended times which may bias the
average heat flux values. The importance of these factors highlight the dependencies
previously discussed in that the fuel bed properties and heat transfer to the fuel bed
significantly influence the time-scales associated with ignition. Moreover, the random
forest analysis highlights a potential way that ignition may be predicted with a subset
of information about the fuel bed.

The results and analysis just described focus on the characteristics of igniting cases;
Figure 3.6 shows the probability of ignition for each of the fuel bed materials as a
function of the heater temperature. The probability reported for each condition is based
on the experiments being repeated at least five times. In general, the ignition probability
increased as the heater temperature increased, as expected because of the higher energy
deposition. It is noted that as the heater temperature increases the potential for piloted
ignition of pyrolysis gases increases. However, ignition occurs both above and below
the piloted ignition temperature region and there is not a significant shift in trends at
higher heater temperatures. This suggests that the influence of piloted ignition on the
results is less significant than the increase of heat transfer rates to the fuel beds at higher
temperatures.

When considering differences in ignition between fuel bed types the fuel beds with
smaller particles typically had higher ignition probabilities at a temperature than beds
with larger particles. At the lower temperatures, the plates tended to have lower ignition
probabilities than the porous beds, but the plates transitioned from no ignition to unity
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ignition probability across a narrower range of temperatures than the porous fuel beds.
It is noted that significant deviations from the overall trends (i.e., decreases in ignition
probability) are apparent for the Lc < 1mm particles at 675°C and 750°C and for the
6mm < Lc < 12mm particles at 700°C. The cause of these deviations are unclear, but
it is plausible the changes are caused by differences in ablation of the fuels and shifts in
the dominant mode of heat transfer depending on the temperature. The sensitivities in

Figure 3.6: Probability of ignition for each material as a function of heater set point
temperature

ignition probability to the fuel bed characteristics, as shown in Figure 3.6, are attributed
to changes in area of the fuel bed in contact with the heater. Recall that the samples
typically ignite within the first 10s; hence conduction and the area of the fuel in contact
with the heater are important in causing pyrolysis. As the particle size of the fuel bed
increases fewer particles come into contact with the the heater, reducing the overall contact
area. Additionally, the average distance between the heater and particles not in contact
with the heater increases as particle size increases due to the reduced packing density of
the particles. This may result in heat transfer from infrared radiation occurring over a
more distributed volume within the fuel bed. As particle sizes increase the reduction in
contact area and more distributed heat flux from radiation likely decrease the temperature
gradient in the fuel bed as well as the local heat flux rates immediately adjacent to the
heater, ultimately resulting in lower ignition probabilities for a fixed temperature as the
particle size increases.

With regards to ignition of the Douglas-fir plates, it is expected that the solid materials
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behave similarly to the fuel beds with large particles (i.e., lower ignition probabilities
at the lower temperatures) because the contact area between Douglas-fir plates and the
cylindrical heater are more likely to be similar to the 6mm < Lc < 12mm particles
than the Lc < 1mm particles. The Douglas-fir plates also have a much higher thermal
conductivity and thermal mass than the particle fuel beds which is anticipated to result
in similar temperature gradients between the largest particles and the plates. For the
large particles infrared radiation to particles at greater distances from the heater, which
would be occluded in the smaller particles, may act similarly to an increase in thermal
conductivity and thus the similarity in ignition between the largest particles and Douglas-
fir plates. The sharper transition from zero to unity ignition probability for the Douglas-fir
plates is attributed to more consistent contact area between the heater and the plates
from test to test. This uniformity is indicated in the narrower distribution of ignition
times with only a ≈ 44s difference between the shortest and longest ignition times for
the Douglas-fir plates compared to ≈ 1550s for the Lc <1mm particles. The narrower
transition from non-ignition to ignition and the more consistent times to ignition of the
Douglas-fir plates when compared to the particle fuel beds suggest that consistency in
material properties and contact area between the heater and the fuel have a significant
influence on ignition.

Similar to the time to ignition results, a random forest model was generated to gain
insights into which parameters that are measured or derived are the most predictive of the
occurrence of ignition of a fuel bed. The estimated heat flux to the fuel bed was the most
influential parameter. With the addition of the fuel bed density, heater temperature, and
heat flux at contact with the fuel bed the prediction accuracy for ignition was 80%. These
values were achieved based a 50% test-train split of the entire dataset with out-of-bag
and R2 validation tests to measure predictive capabilities. The most noteworthy insight
from this model is that the estimated average heat flux to the bed over the test duration
has a much higher importance than the heater temperature for both porous and solid
fuel beds. This is significant since the heat flux values, both upon contact and the overall
average, encapsulate the effects of the heat transfer mode to the fuel bed unlike the
surface temperature of the heater (or firebrand). A similar sensitivity of heat transferred
to the fuel bed influencing ignition was observed by Fernandez-Pello et al.[38].

Figure 3.7 shows the derived average heat fluxes to the fuel bed for each of the
materials and heater temperatures tested. Results for igniting cases are represented by
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solid lines and non-igniting cases are represented with dashed lines. All the materials show
two common trends except for cardboard plates, where not enough temperatures were
evaluated to determine a trend. First, for tests where ignition occurred, and the heater
setpoint was less than or equal to 750°C the heat flux to the fuel bed was higher than
tests where ignition did not occur. Recall that the heater temperature is held constant,
therefore variations in heat flux represent variations of heat transfer to the fuel. The
implications of this are discussed in more detail later. Second, the heat flux values for
tests where ignition occurred showed notable decreases in value for temperatures above
750°C, dropping lower than the values for the tests where ignition was not observed, in
some cases. Higher heat fluxes for the igniting cases compared to the non-igniting cases

Figure 3.7: Comparison of estimated heat flux to the fuel bed for each material: dashed
lines represents the mean of non-ignition tests and solid lines represent the mean of
ignition tests for each heater temperature.

for the porous fuel beds are attributed to stochastic differences in contact area between
the heater and the fuel bed particles. Seemingly, the tests with particles oriented in a
manner that facilitates greater contact area have a higher heat flux due to increased
conduction and are more likely to ignite. However, this assumption breaks down for
high heater temperatures. At high heater temperatures (e.g., >750°C) the amount of
heat transferred through infrared radiation appears be sufficient to counter differences in
contact area and resulting conduction. Hence, this causes the reduction in the differences
between igniting and non-igniting heat fluxes at the higher temperatures. A sensitivity
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to the difference between igniting and non-igniting heat fluxes is noted depending on the
particle sizes. Specifically, in Figure 3.7, the 4mm < Lc < 6mm particles have greater
differences in heat flux between the ignition and non-ignition cases when compared to
the 6mm < Lc < 12mm and Lc<1mm particles. The difference between igniting and
non-igniting heat fluxes is correlated to the relative size of the particles compared to
the diameter of the heater. For particles much smaller than the heater (<1mm) the
random orientation of the particles would matter less than particles of similar size (4mm
< Lc < 6mm) as the heater. A similar phenomena is anticipated for particles larger
than the heater (6mm < Lc < 12mm), however, for the larger particles infrared radiation
is anticipated to be more influential than conduction. Changes in contact between the
heater and the fuel bed would then have a smaller effect on the rate of heat transfer
as is shown by the spread in heat flux between ignition and non-ignition cases for the
6mm < Lc < 12mm particles in Figure 3.7. The 4mm < Lc < 6mm particles appear
to represent a near critical case where the conduction is still the driving heat transfer
mode but variation in contact area is high producing a larger spread in heat flux. For
the wooden plates a smaller number of heater temperatures with both ignition and non
ignition heat flux values is observed suggesting test to test variation in contact area is
not significant enough to prevent ignition.

Results from OpenFOAM simulations of temperature profiles provide further insights
into the effects of varying heat flux on ignition. Figure 3.8 shows regions of the fuel
bed above the pyrolysis temperature for (row I) a fixed 750°C boundary condition, (row
II) a heat flux boundary condition based on the average values from ignition tests at
the 750°C, and (row III) a heat flux boundary conditions based on average heat fluxes
for non-ignition tests at the 750°C. Column A shows the results for the fuel bed with
Lc < 1mm, column B with a bed of 4mm < Lc < 6mm, and column C with a bed of
6mm < Lc < 12mm particles. For the constant temperature boundary shown in row
I, the region of the fuel bed above the pyrolysis temperature increases as particle sizes
increase from left to right. Note, however, that the mass of the fuel bed material above
the pyrolysis temperature decreases from left to right due to the decreasing density and
thermal conductivity of the fuel bed as particle sizes increases. Specifically, the estimated
mass of the fuel bed above the temperature for the onset of pyrolysis is 2.79µg, 1.59µg,
and 1.55µg for columns (A), (B), and (C), respectively. As a result, it is expected that
the fuel bed with the smallest particles would release the most pyrolzates.
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Perhaps surprising, is the difference in area at elevated temperatures between columns
A and B in row II. Recall from Figure 3.6 that at this heater temperature (750°C) the
particles with Lc < 1mm (i.e., column A), and the 4mm < Lc < 6mm (i.e., column B)
have nearly identical ignition probabilities; however, the calculated average temperatures
and region undergoing pyrolysis are notably different (e.g., 175°C). More importantly,
a 30% mass increase in pyrolyzates occurs from Lc < 1mm to 4mm < Lc < 6mm
conditions. The corresponding ignition delay time, calculated using mass of pyrolyzates
released and the average temperature of the pyrolysis region, was 0.5s for the Lc <1mm
gaseous products compared to 0.06s for the 4mm < Lc < 6mm products. The differences
in ignition delay time results from differences in the average fuel bed temperature and
in the global equivalence ratio as pyrolyzates are released. Physically, these ignition
delay times correspond to the characteristics of the pyrolyzates exiting the fuel bed. The
differences in ignition delay time would suggest that the particles with 4mm < Lc < 6mm
would ignite more readily, counter to the measured similar ignition probability. Note,
however, that the calculated velocity of the gaseous products also varies, specifically
4.3·10−3m/s for the Lc <1mm fuel compared to 2.6·10−2m/s for the 4mm < Lc < 6mm
fuel bed. In short, consideration of both the ignition delay time and exit velocity of the
gases maybe needed to more completely capture ignition probabilities.

The Damkohler number (Da), which represents the ratio of the transport to chemical
times-scales, has been used previously to consider ignition behavior [51], and is now
considered to help evaluate ignition behavior. In this work, the ratio of the heater
diameter D normalized by the product of the exit velocity (Vexit) and ignition delay time
(τ) were considered, to create a Damkohler number of ignition for porous beds. This
analysis results in the non-dimensional values of 2.42, 4.04, and 7.66 for the smallest to
largest particles (respectively) for the results just described in the previous paragraph.
Note that the smaller the (Da) the smaller the transport time (relative to chemical time-
scale) and the less time that a parcel of reactants is near the high temperatures of the
heater. In its limit, rectants may diffuse/advect away from the fuel prior to ignition.

To further explore the potential role of using a (Da) to characterize ignition propensity
or porous, Figure 3.9 shows the (Da) number for the gaseous products at the exit of the
fuel bed for each particle size and heater set point. Data from the plates is excluded, as
the supporting calculations were beyond the scope of the work. The abscissa is plotted
relative to the average heat flux to the fuel bed multiplied by the thermal diffusivity of
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Figure 3.8: Calculated region of fuel bed above the pyrolysis temperature 10s after heater
contact for a fixed 750°C boundary (I), ignition event heat flux (II), and non-ignition
test event flux (III) for Lc < 1mm (A), 4mm < Lc < 6mm (B), and 6mm < Lc < 12mm
particles (C).

the fuel bed. These values were selected to include the influence of heat flux and thermal
properties of the fuel beds in the characterization of ignition. Effectively, the chemical
properties of the fuel bed and transport behavior are captured in the Da analysis and
thermal properties are included in the heat flux and thermal diffusivity. The lower right
area of the plot, labelled No Ignition, represents values estimated to be less conducive
to ignition (i.e., longer ignition delay times) than those observed to produce ignition in
experiments. The region where ignition is expected contains the remainder of the plot
and represents values estimated to equally or more conducive to ignition (i.e., higher
heat fluxes and shorter ignition delay times) than those observed in experiments. The
relative similarity trends in ignition behavior when considering the (Da) indicate that
considering the local transport conditions may be important to predicting ignition, in
addition to considering the local heat flux and release of pyrolyzates.

3.5 Summary and Conclusions

Flaming ignition tests have been conducted for porous Douglas-fir beds, Douglas-fir plates,
and cardboard plates. A cylindrical cartridge heater was used as a firebrand surrogate.
Heater temperature and electrical power to the heater were collected throughout each
test. The derived heat flux to the fuel bed was within the range reported in literature of
heat fluxes delivered by firebrands. The time to ignition and probablity of ignition were
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No Ignition

Figure 3.9: Comparison of non-dimensional chemical and flow timescale (for the igniting
cases) as a function of heat flux time and thermal diffusivity. Conditions where ignition
and non-ignition are anticipated are highlighted.

used to evaluate the ignition propensity for the various fuel beds and heater temperatures.
A simplified heat transfer, pyrolysis, and ignition delay model was developed and used to
provide further insights into the physical processes associated with ignition. The specific
conclusions from this work are as follows.

1. Smaller particles ignite more readily in porous beds than larger particles when
heat transfer from the heater is primarily through conduction. This was evident
by higher ignition probabilities, in general, of the smaller particles for a fixed
heater temperature. As particle sizes increase radiant heat transfer becomes more
important and fuel beds with larger particles were more likely than smaller particles
to ignite at extended times (>100s) due to the increased importance of radiant
ignition.

2. Douglas-fir plates ignite at times where conduction is the dominant mode of heat
transfer (<10s) due to the higher thermal conductivity of the solid plates. The
ignition probability of plates was the most similar to the larger particle, in particular
at lower heater temperatures, due to dispersed heating of the porous fuel bed
through radiation and the increased thermal conductivity of the plates creating
similar temperature profiles. The rise in ignition probability over a smaller heater
temperature range time with temperature results from more consistent contact
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between the heater and plate surface.

3. Heat flux delivered to the fuel bed, when compared to heater temperature, is more
indicative of ignition likelihood and ignition time for porous fuel beds. Heat flux
is a more significant predictor of ignition because it captures differences in heat
transfer modes and particle contact that heater temperature values do not. While
this finding is not new, what is novel is that the mixed mode of heating (conduction
and radiation) has a significant impact on the flaming ignition of fuel beds.

4. Consideration of the transport characteristics of pyrolyzate gases near the high
temperature source can be important for more fully predicting ignition propensity.
A Da of ignition, in relation to the measured heat flux and thermal diffusivity of
the fuel beds, is a promising relationship for predicting ignition for the porous fuel
beds.

Further work is needed to verify that the Da may be used to predict ignition for solid
surfaces and for porous fuel beds with varying chemical compositions. If proven valid,
the (Da), measured/predicted heat fluxes, and fuel bed properties may be used to help
predict ignition of fuel beds both in and out of the WUI, ultimately helping to increase
the effectiveness of fire prevention and suppression efforts.
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4.1 Abstract

The increasing severity of wildfires and the expansion of the wildland urban interface
has increased the need to better protect homes from fires. Ignition of fuels (e.g., needles,
mulch, leaves) near or on homes by firebrands can be a significant risk factor for home
loss. Understanding the environmental factors that control the ignition of fuel beds
by firebrands is important to reducing the risk of home loss. This study evaluates the
effect of the wind speed and direction on the probability of ignition of fuel beds by
firebrands. The fuel beds, Douglas-fir particles between 1.3mm and 2.3mm in size, were
ignited by a cartridge heater (i.e., surrogate firebrand). Flaming ignition probability
and time to ignition were determined for three different wind speeds and three wind
directions. CFD calculations were performed to provide additional insights into the
flow field leading up to ignition. Increases in wind speed above quiescent conditions
reduced the temperature required for flaming ignition. An increase in wind speed to
3.5m/s from quiescent increased the ignition probability of fuel beds from 60% to roughly
100% depending on the wind direction. However, a threshold was observed for some
wind directions where a further increase of wind did not increase the ignition probability.
Temperatures required for flaming ignition and the time to ignition were sensitive to the
wind direction. Ignitions occurred at the lowest temperatures when the wind direction
was perpendicular to the surrogate firebrand. High speed images of the ignition process
and corresponding CFD calculations indicate that ignition occurred in regions with
long residence times. The sensitivity to wind direction is attributed to differences in
recirculation zones which changes the residence time of pyrolyzates.

4.2 Introduction

As the severity of wildfires and the number of homes in the wildland urban interface
(WUI) increases the need is rising to better protect homes from wildfires [2, 11, 89]. A
common way that homes are destroyed during wildfires is by the ignition of fuel beds
(e.g., needles, leaves, or landscaping materials) by firebrands. Flames may then spread to
and subsequently engulf the structure [68, 90]. A better understanding of how fuel beds
ignite around homes is necessary in order to better protect homes from this phenomena.
While the overall mechanisms by which ignition by firebrands occur are generally well
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understood, predicting when ignition will occur remains elusive [28]. One of the reasons
for the limitations of predictive capabilities is the lack of quantification with respect to
how changes in the fuel bed and environmental conditions influence the likelihood of
ignition [40].

Wind is an environmental factor that can have a significant impact on the spread
of fires. First, increases in wind speed increase the size of firebrands produced [91],
potentially leading to firebrands of higher energy content. Second, firebrand laden winds
flowing around structures can lead to accumulation of firebrands in particular regions [25,
90]. Third, the amount of heat imparted to a fuel bed by firebrands can increase as wind
speeds increase [74, 75, 92].

In many studies the presence of wind either increases the probability of ignition by
firebrands [32, 34, 35, 93–95], or facilitated ignitions that did not occur without wind [31].
For example, in tests with natural fuel beds (e.g, needles, leaves, and grass) and firebrands
(e.g., burning twigs, bark, and cones) increases in ignition probability were observed, in
some instances, with increases in wind speeds and changes in wind direction [33]. Similar
increases in ignition probability as wind speed increases have been observed in fuel beds
with hot metal particles as ignition sources [36]. Increases in ignition propensity have
been postulated to be caused by greater oxygen availability and/or increased mixing as
a result of the wind speed.

In the aforementioned studies the heat transfer rates from the firebrands to the fuel
beds may have changed (likely increased due of faster reaction rates) due to the presence
of wind. Changes in the heat transfer rate from the firebrands and changes in the flow field
near the fuel bed make it challenging to fully identify cause(s) for wind increasing/altering
ignition behavior. As a result it is not clear to what extend changes in ignition behavior
are caused by the interaction of the fuel bed with the wind or changes in heat transfer
from the firebrands. It is important to decouple these two effects to better understand
how each factor impacts ignition. A better understanding of ignition sensitivities to
wind can ultimately be used to better design building codes and standards to protect
structures near the WUI.

With this background and motivation, the objective of this study is to quantify how
changing environmental factors, specifically wind speed and direction, influences ignition
of a fuel bed in contact with a firebrand. It is expected that the results of this work
will help further the understanding of the influence of wind on fuel bed ignition and may
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allow for better protection of structures in the WUI.

4.3 Methodology

4.3.1 Experimental

The probability of flaming ignition for beds of Douglas-fir particles were measured for three
different wind speeds and firebrand orientations in a wind tunnel. Douglas-fir particles
serve as a surrogate for natural fuels near the WUI. Figure 4.1 shows a representation
of the wind tunnel, fuel bed, and the portion of the device for lowing a cartridge heater
(i.e., surrogate firebrand) onto the fuel bed. The wind speeds tested were 0.5 m/s, 3.5
m/s, and 5.8 m/s. Higher wind speeds were not tested to avoid material from the fuel
bed blowing away. The wind speed was measured with a TSI-IFA300 hot wire probe.
Tests were conducted with the heater placed parallel, perpendicular, and 45° relative to
the wind direction for each wind speed.

The fuel beds were created in a multi-step process. Kiln dried Douglas-fir lumber
was planed, then granulated, and finally screened such that the particles fit through a
2.3mm screen but not a 1.3mm screen. The fuel was placed in a 140mm diameter glass
container with a depth of 70mm before insertion into the wind tunnel. The average bulk
density of the fuel beds was 74.2kg/m3.

A minimum of 20 ignition tests were conducted for each experimental condition with
a total of 241 tests. The temperature set points of the heater for the various experiments
were identified using the three-phase optimal design procedure [96, 97]. The three-phase
optimal design is a sequential procedure used to ascertain the probability of a binary
outcome (i.e., ignition or non-ignition) with a limited number of tests. The logistic
regressions and 95% confidence intervals of the ignition probability were calculated using
the scikit-learn python package [88]. A fuel bed was considered to ignite if a flame was
observed and persisted after the heater was removed. If flaming ignition was not observed
after 3000s of heater contact the heater was removed and the test was considered to have
a no-ignition outcome.

The energy imparted to the fuel bed was estimated by applying an energy balance
to the heater. Typical heat fluxes to the fuel bed ranged from 5kW/m2 to 50kW/m2.
Similar values have been reported for studies of heat fluxes from firebrands [74, 75]. The
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Figure 4.1: Diagram of the experimental wind tunnel apparatus. Air flows through the
wind tunnel from left to right. The dashed region represents the domain subset used for
computational efforts.

power delivered to the heater was measured using a CR9580-10 current sensor and a
ZMPT101B voltage sensor. Temperature distributions, created from infrared images
of the heater taken with a FLIR SC6700 camera, were used to estimate heat loss to
the ambient. A black body calibration was performed to correlate photon counts from
the camera to temperature and produce a longitudinal temperature distribution. The
circumferential temperature of the heater was considered uniform.

High speed images of the ignition process were captured using a Phantom VEO 710
camera for select conditions. The images were used to provide insights into differences
between ignition processes. Images were collected at 5kHz.

4.3.2 Computational

A simplified computational model was implemented to provide further insights into the
processes leading up to ignition for the different configurations. Fluid flow around the
heater, heat transfer from the heater to the fluid, and the release of pyrolysis gases into the
fluid domain were simulated for the 5.8m/s wind speed and the three heater orientations.
Simulations were conducted in two parts. First the average mass flux and average thermal
properties of pyrolyzates were estimated. These estimations were conducted through a
non-reacting heat transfer model to the fuel bed to obtain an estimate for the mass of
fuel bed material above the pyrolysis temperature of 220°C. The thermal properties of
the fuel bed were estimated using correlations for porous media [81] and the average
bulk density of the fuel beds during the tests. The heat transfer to the fuel bed was
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determined from the energy balance for a heater temperature corresponding to the 50%
ignition probability.

The temperature evolution of the fuel bed over time was used to estimate the mass
of the fuel bed material undergoing pyrolysis. The calculations solved the heat diffusion
equation (Equation 4.1) to observe the spatial and temporal evolution of the fuel bed
temperatures. Calculations were conducted for 10 seconds for two reasons. First, the
assumptions, that are outlined in the following section, reduce the accuracy of the model
due to pyrolysis of the fuel bed in the experiment changing the fuel bed properties.
Second, in absence of changes in fuel beds due to pyrolysis a simulation time of ten
seconds provided sufficient insight into trends observed in the experiments.

∂ (ρh)
∂t

= ∂

∂xj

(
α

∂h

∂xj

)
(4.1)

The assumptions for the temperature modeling of the fuel bed are as follows:

• Fuel beds were considered to be non reacting.

• Thermal properties of the fuel bed were considered independent of temperature.

• The temperature evolution of the fuel bed is symmetric around the centerline of
the heater.

• The heat losses to the ambient are significantly less than the heat transfer from the
heater. Thus, the interface between the fuel bed and air was considered insulated.

• The fuel bed was modeled as a solid with the thermal and physical properties either
measured or derived from measurements.

The mass of pyrolysis gases released was then estimated using 0D calculations in
Cantera. The chemical composition of the fuel bed was estimated from the Bioengineering
Feedstock Library database [98]. The BioPox mechanism [57] was used for pyrolysis
kinetics in the fuel bed. Species were considered to be released into the flow domain if
they existed in the gas phase biomass mechanism Bio1412 [55]. More detail for the species
selection process is available in previous work [99]. The Cantera calculations considered
the fuel bed material as an insulated fixed mass reactor. The following equations were



42

solved to obtain the temperature and species concentrations of the pyrolyis products.

∂m

∂t
= 0 (4.2)

m
∂ (mYk)

∂t
= ṁk,gen = V ω̇kMWk (4.3)

mcv
∂T

∂t
= Q̇ −

∑
k

ṁk,genuk (4.4)

Where Yk, ṁk, and ω̇k are the mass fraction, mass generation rate, and generation rate
of each species k in the mechanism used. V is the volume of the fuel bed material in
the reactor. The species generation rates ω̇k are determined from the reactions included
in the mechanism. The mechanism used for pyrolysis contains four different types of
chemical reactions. The equations used to calculate the reaction rates for an elementary
reaction is:

kf = AT be−Ea/RT (4.5)

Rf = [A][B]kf (4.6)

Where Rf is the forward reaction rate, kf the reaction rate constant, Ea the activation
energy, b is the temperature exponent and R is the gas constant. Similarly, the reaction
rates for three body reactions are calculated as:

Rf = [A][B][M ]kf (4.7)

[M ] =
∑

k

ϵkCk (4.8)

Where ϵk and Ck are the collision efficiency and concentration of each species, respectively.
Falloff reaction rates are calculated using the reduced pressure P defined as:

P = k0[M ]
k∞

(4.9)
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The reaction reaction rate is then calculated as:

kf (T, P ) = k∞

(
P

1 + P

)
F (T, P ) (4.10)

Pressure dependent P-Log reaction rates are calculated for intermediate values using a
logarithmic interpolation between two reaction rates k1 and k2 at pressures P1 and P2

as:
log kf (T, P ) = log k1(T ) + (log k2(T ) − log k1(T )) log P − log P1

log P2 − log P1
(4.11)

The overall generation rate of each species (ω̇k) is defined as the sum of the individual
reaction rates Rf for all of the reactions where the species is present. Where νi number
of each species produced for each reaction. Equation 4.12 results in the source term for
Equation 4.3, the solution of which determines the mass fractions of the species that are
released into the fluid domain above the fuel bed.

ω̇k =
N∑
i

νiRf,i (4.12)

The second step of the computational effort simulated pyrolysis gas distribution in
near the heater using the 3D LES solver FireFOAM implemented in OpenFOAM [84].
The mass, momentum, species, and energy equations for the FireFOAM calculations are
shown below.

∂p

∂t
+ ∂ρuj

∂xj
= 0 (4.13)

∂ (ρYk)
∂t

+ ∂ (ρujYk)
∂xj

= ∂µeff

∂xj

∂Yk

∂xj
(4.14)

∂ (ρui)
∂t

+ ∂ (ρurjui)
∂xj

+ ρϵijkωiuj = −∂prgh

∂xi
− ∂ (ρgixj)

∂xi
+ ∂
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The computational domain used is outlined in Figure 4.1 with a dashed rectangle. A
subset of the wind tunnel test section near the heater(s) was considered for the simulation
of the flow over the heater(s). For all three heater angles a constant cross section normal
to the flow was used. The dimensions of the plane normal to the flow was 110mm wide
and 48mm high. The lengths of the domains varied to maintain a domain size of 5D
upstream and 14D downstream of the heater. The domain lengths were 170mm for the
45° and parallel configurations and 120mm for the heater perpendicular to the flow. The
number of cells for each domain were 420728, 424308, and 307252 for the parallel, 45°, and
perpendicular cases. Cell sizes ranged from 0.1mm near the heater to 4mm in the bulk
flow region in the center of the domain. For validation the separation angle of the flow
was compared to a correlation from literature [100] and was found to predict the angle
within 1% of the recommended correlation. Reducing the cell size by a factor of two did
not appreciably reduce the error and resulted in a significant increase in computational
time. Thus, the calculations were considered of acceptable accuracy to visualize the
trends observed in experiments.

The inlet boundary conditions were determined from experimental measurements
where the bulk wind speed was 5.8 m/s and the inlet turbulence intensity was 0.14%. The
solid surfaces (i.e., cartridge heater, holding rods, fuel bed, and wind tunnel floor) were
considered with a no-slip boundary condition and at fixed temperatures. All temperatures
except the heater surfaces and pyrolyzate injection were 300K. The cartridge heater was
maintained at a fixed uniform temperature corresponding to the temperature estimated
to result in 50% ignition probability from experimental tests. The inlet temperature and
mass flux of the pyrolysis gases were determined from the fuel bed thermal model and
Cantera calculations. The outlet and sides of the domain used a zero gradient boundary
condition. The local equivalence ratio was calculated after one second of pyrolysis release.
While one second is shorter than average time to ignition, insights are still gained into
the distribution of pyrolyzates with respect to the observed ignition locations for the
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heater orientations.

4.4 Results and Discussion

The ignition or no ignition outcomes of the tests are shown in Figure 4.2. Individual
markers in the plots represent the outcome of each test. The curves are logistic regressions
for each of the test groups (i.e., tests with the same wind speed and heater angle) with
shaded regions around the curves indicating the 95% confidence interval of the regressions.
The tests are grouped such that each plot shows tests of different wind speeds at the same
heater orientation. The topmost plot shows results when the heater is parallel to the flow,
the middle plot when the heater is 45° to the flow, and the bottom plot when the heater
is perpendicular to the flow. The three different sets of data in each plot are the results

Figure 4.2: Ignition or no ignition outcomes of tests at different bulk wind speeds with
respect to heater orientation. Markers indicate the outcome of each test and the curves
show the logistic regression of each test group. The shaded regions show 95% confidence
intervals for each regression.

for the experiments with three wind speeds. Table 4.1 shows the heater temperatures
estimated to produce a 50% ignition probability for the results shown in Figure 4.2. Three
observations are noted for the results in Figure 4.2 and Table 4.1. First, the ignition
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Table 4.1: Heater temperature required to achieve 50% ignition probability for the wind
speeds and heater angles tested.

Ubulk (m/s) 0 ° (°C) 45° (°C) 90° (°C)
0.5 551 592 571
3.5 430 411 450
5.8 456 443 399

probability for the 0.5m/s cases are similar to previously published results for a similar
fuel bed and apparatus with measured wind speeds of 0.1m/s[99]. Second, increasing
the wind speed beyond 0.5m/s increased the ignition probability. This observation is
consistent with previously reported work [33, 94] that showed that the presence of wind
can increase the likelihood of ignition. What has not been quantified previously is the
magnitude of the difference in ignition probability due to wind speed. For example, in
tests with the heater oriented parallel to the flow, a heater temperature expected to
produce ignition 25% of the time at a wind speed of 0.5m/s is anticipated to produce
ignitions for greater than 99% of tests at 3.5m/s and 5.8m/s. The difference is even
more pronounced for the 45° and perpendicular orientations where heater temperatures
expected to result in ignition less than 1% of tests at 0.5m/s have an ignition probability
of over 99% at 5.8m/s. This observation illustrates that an increase in wind speed that
is relatively modest (compared to winds often accompanying wildfires) can shift fuel bed
ignition risk from minimal to very likely with no other changes in conditions.

The third observation from Figure 4.2 and Table 4.1 is that while an increase in
wind speed from 0.5m/s to 3.5m/s resulted in an increase in ignition probability for all
heater angles, an increase from 3.5m/s to 5.8m/s does not. For tests where the heater
was perpendicular to the flow (90°) an increase in wind speed led to a decrease in heater
temperatures required for ignition. For tests with the heater at 45° to the oncoming
flow, ignitions were observed at the lowest temperatures in the 3.5m/s case. For the
parallel heater case the difference in ignition between the 3.5m/s, and 5.8m/s cases were
not statistically significant. These trends in ignition propensity suggest that there is a
threshold for ignition enhancement that depends on both wind speed and orientation
of the wind with respect to the firebrand. A threshold for an optimum wind speed for
inducing ignition has been postulated [95] but this is one of the first studies to confirm
its existence and dependence on the orientation of the wind.
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Figure 4.3 shows the data reported in Figure 4.2 but organized to more easily high-
light sensitivities of ignition behavior for the different heater angles for a constant wind
speed. Three observations are noted. First, differences in ignition probability were not
statistically significant for the various heater orientations and a wind speed of 0.5m/s.
This suggests, as anticipated, that for near quiescent conditions the orientation of the
firebrand is less important than the temperature of the firebrand. Second, for the 3.5m/s
tests there was not a statistically significant difference in ignition temperatures for the
parallel and 45° heater orientations, but there is a statistically significant difference at the
5.8 m/s case. The differences in sensitivities between the two wind speeds is attributed to
the lowest temperature required for ignition (maximum ignition enhancement) occurring
for a wind speed of 3.5m/s for the 45° orientation. The maximum enhancement of ignition
for the perpendicular case appears to occur at a wind speed above 3.5m/s. The third
observation is that changing the angle of the heater relative to the wind direction has
less of an influence on ignition behavior than changing the wind speed. Thus, for a fixed
heater temperature, an increase in wind speed will yield a larger increase in ignition
probability when compared to changing the firebrand orientation. This is only true,
however, up to the wind speed that produces the greatest likelihood of ignition.

At and above the wind speed that produces the greatest likelihood of ignition for a
given firebrand orientation, an increase in ignition will only occur if the angle between
the firebrand and wind is increased to become more perpendicular to the flow. The
aforementioned observations affirm that both the wind speed and direction can alter the
likelihood of flaming ignition of a fuel bed. What is unclear, thus far, are the specific
physical processes that promote or retard ignition as the wind speed is increased or the
heater angle is changed.

In contrast to the observed sensitivities of wind speed on ignition probability the time
to ignition is more sensitive to the heater orientation than the wind speed. Figure 4.4
shows histograms of the time to ignition (i.e., occurrence of flames) for each test where
ignition was observed. The wind speed increases from the top plot to the bottom plot
and the color of each group in the plot represents the different heater angles. Note that
the time to ignition axis is log-scale. Three observations are noted about the time to
flaming ignition. First, the times to ignition for the 3.5m/s, and 5.8m/s wind speeds
often are sufficiently long (i.e., >100s) enough to suggest that the fuel beds may be
igniting in a smoldering mode and then transition to flaming. Second, for the 0.5m/s
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Figure 4.3: Ignition or no ignition outcomes of tests at different heater angles with respect
to wind speed. Markers indicate the outcome of each test and the curves show the logistic
regression of each test group. The shaded regions show 95% confidence intervals for each
regression.
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tests the difference in time to ignition between the heater angles are much smaller than
for the other two wind speeds. Third, for the 3.5m/s, and 5.8m/s cases ignition times are
typically longest when the heater is oriented parallel to the flow. The shortest times to
ignition typically occurred when the heater was perpendicular to the flow. The sensitivity
of time to ignition to different heater angles suggests that the ignition process changes
as the heater angle changes.

Figure 4.4: Histogram of time to flaming ignition for each test group. Wind speed
increased from top to bottom with color indicating different heater angles.

High speed images were recorded for a subset of test configurations to provide more
insight into changes in ignition location resulting from changes in heater angle. Figure 4.5
shows images of the initial flame visible during tests of three different heater angles.
A heater temperature of 450°C and a wind speed of 5.8m/s were used for all tests.
Consistency in the location of ignition was verified by comparing images from three
different ignition events for each of the heater angles. For tests where the heater was
oriented at either 45° or perpendicular to the flow (Figure 4.5c, 4.5b) ignition was observed
to occur on the upwind side of the heater near the fuel bed. For the parallel heater
orientation (Figure 4.5a) ignition was observed underneath the heater in a cavity. The
cavity was formed by the pyrolysis of the fuel bed. Specifically, ignition occurred at
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the downstream side of the cavity in the fuel bed. Differences in ignition location, and
subsequent changes in ignition times, are attributed to changes in the velocity field
around the heater as the orientation relative to the wind changes. As the heater is
rotated from parallel to perpendicular to the flow, pyrolyzates are more likely to remain
near the hottest part of the heater (approximately the center) due to the recirculation
zones that form on the upwind side of the heater. When the heater is parallel to the
flow pyrolyzates tend to advect away from the heater. Thus, for the perpendicular heater
the recirculation zone is anticipated to have the longest pyrolyzate residence time. The
pyrolyzates are also anticipated to remain near the highest temperature region of the
heater. This explantion is consistent with the observation that tests where the heater is
oriented perpendicular to the flow typically ignited at lower temperatures than the other
orientations, as shown in Figure 4.3.

Considering the aforementioned importance of pyrolyzate residence time on ignition
enhancement, it is not immediately clear how the threshold for ignition is lowered with
an increase of wind for tests where the heater is parallel to the wind direction. When the
heater is positioned parallel to the flow with wind, the pyrolyzates tend to advect away
from the hot regions of the heater. However, as previously noted, ignitions for the parallel
case occur inside a cavity that forms underneath the heater. The fluid flow that develops
with this cavity is anticipated to lead to longer residence times for pyrolyzates. The
absence of a sufficient residence times until a cavity of sufficient size forms appears to be
the major reason for differences in the time to ignition for the various heater orientations.

Further insights into recirculation zones that form near the heater and the impact on
residence times of pyrolyzates are gained from computational results. Figure 4.6 shows
streamlines passing though the pyrolysis release zones and the temperature distribution
for regions where pyrolyzates are present (i.e., ϕ >0.05) for the three heater orientations
at a wind speed of 5.8m/s. The images shown in Figure 4.6 correspond to 1s after the
release of pyrolyzates. While typical ignition times are significantly longer than 1s, the
results still provide insight into the controlling fluid mechanics. The streamlines shown
in Figure 4.6 confirm that a recirculation zone is present near the hottest region of the
heater when the orientation is perpendicular or 45° with respect to the wind direction.
The presence of recirculation zones is further supported by the presence of pyrolyzates
upstream of the heater in Figures 4.6b,4.6c. Perhaps unexpected are the characteristics
of the region of the fluid anticipated to be capable of ignition (Φ > 0.85). For both the
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Wind Direction

(a) Parallel

(b) 45°

(c) Perpendicular

Figure 4.5: Representative images of the location of flaming ignition for three different
heater angles with a heater temperature of 450°C and a wind speed of 5.8m/s from right
to left. The dotted rectangle in 4.5a highlights the cavity formed under the heater during
tests.
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(a) Parallel

(b) 45°

(c) Perpendicular

Figure 4.6: CFD results showing pyrolyzate distribution and streamlines for a wind speed
of 5.8m/s. The top half of each image shows the temperature distribution of pyrolyzates
in regions where pyrolyzates are present (i.e., ϕ >0.05). The bottom half of each image
shows the streamlines, with the color scale representing velocity magnitude, passing
through the pyrolyzate release region. Panel 4.6b shows a duplicated heater across the
dotted line.
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parallel and 45° heater orientation the total volume of ignitable pyrolyzates are between
4 and 6 times larger than the perpendicular heater orientation. The average temperature
3%-5% larger in the parallel and 45° heater orientations. These results suggest that the
gas and temperature conditions favor ignition when the heater is not perpendicular to
the flow. However, the residence time of the flammable mixture favors ignition when
the heater is perpendicular to the flow. Estimates of residence time are made using the
ratio of the average velocity magnitude of the pyrolysis gases with Φ > 0.85 and the
mass release rate of the pyrolyzates from the fuel bed estimates. The average velocity
of the pyrolyzates serves as a proxy for removal of combustible gases from the high
temperature zone near the heater. The estimated residence time of the pyrolyzates in
the perpendicular heater orientation is more than 25 times longer when compared to
the parallel heater orientation and 15 times longer when compared to the 45° heater
orientation. The differences in residence times for the three heater orientations align
with those for ignition probability supporting the previous assertion that combinations
of wind and geometry that facilitate long residence times ignite more readily.

The correlation between time to ignition, ignition temperatures, and ignition locations
indicates that ignition events are sensitive to the residence time of pyrolyzates in a high
temperature zone. In other words, a firebrand is much more likely to ignite a fuel bed if
the wind speed and geometry of the firebrand or firebrands promote extended residence
times of pyrolyzates in a low velocity recirculation zone near the firebrand.

4.5 Summary and Conclusions

Flaming ignition tests were conducted for surrogate fuel beds made of Douglas-fir parti-
cles. Ignition was induced by a cartridge heater, which served as a surrogate firebrand.
The heater was maintained at a fixed temperature throughout each test, thus allowing
sensitivities of ignition to wind speed and orientation to be further understood. The
ignition probability, time to ignition, high speed imagery, and CFD results were used to
quantify sensitivities to ignition related to fluid mechanics around the firebrand and fuel
bed as controlled by the wind speed and heater angle. The specific conclusions of this
work are as follows:

1. An increase in wind speed above quiescent conditions reduces the temperature
required for the flaming ignition of a fuel bed. For example, an increase in wind
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speed of 3.5m/s from quiescent increases the ignition probability of a fuel bed from
under 30% to roughly 100%. However, a linear increase in wind speed does not result
in a linear increase in ignition probability. Thresholds in wind speed exist above
which temperatures required to achieve ignition actually increase. For example,
when the wind is oriented 45° from the heater centerline increasing the wind from
quiescent to 3.5m/s reduces the temperature required for ignition probability by
30%. However, increasing the wind speed from quiescent to 5.8m/s reduces the
temperature required for ignition by only 25%. Presumably these thresholds occur
because of reductions in residence time.

2. The temperatures at which ignition occurs for porous fuel beds is sensitive to the
orientation of a firebrand relative to the wind direction. Higher temperatures are
typically required for ignition for a heater parallel to the flow compared to 45° and
perpendicular to the flow. This sensitivity attributed to differences in recirculation
zones and residence times of air and pyrolyzates near the hottest region of the
heater. Thus, predictions of ignition probabilities that consider wind may need to
include both wind speed and orientation to obtain sufficient accuracy.

3. Times to flaming ignition of porous fuel beds are sensitive to the firebrand/heater
angle in the presence of wind. The parallel heater orientation ignites at the longest
time followed by the 45° case with the perpendicular cases igniting in the shortest
amount of time. High speed images indicate that ignition typically occurrs in regions
where recirculation zones occur, as shown in CFD calculations. The heightened
propensity to ignition is attributed to increased residence times of pyrolyzates in
the recirculation zones as supported by calculations.

The conclusions of this work show that ignition is favored when a firebrand(s) land on
a fuel bed under wind speeds and orientations that promote greater residence times of
pyrolyzates near a high temperature region of firebrands. It was observed that increases
of wind speed, of a magnitude that may commonly occur during wildfires, can increase
the probability of fuel bed ignition from very unlikely to a near certainty regardless of
the ember orientation to the wind. This highlights the increased risk of spot fires due to
ignition of fuel beds that accompanies wind in a wildfire.
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5.1 Abstract

The increasing severity of wildfires and the expansion of the wildland urban interface
have placed a greater number of homes at risk of being destroyed by wildfires. Ignition
of fuel beds on or near homes by firebrands is a significant source of fire spread and
structure loss. Fire prevention and suppression efforts lack an expedient method for
estimating the likelihood of ignition for the wide variety of materials around homes. In
this study, the effects of fuel bed chemical composition on the temperature threshold for
flaming ignition was considered. Fuel beds of six different species were heated with a
cartridge heater as a surrogate firebrand. Tests were conducted in both quiescent and
windy conditions. Fuel beds with high lignin content (i.e., Douglas-fir bark and pine
park) were not observed to ignite at the maximum temperature at either wind speed.
Increasing the wind speed decreased the ignition threshold for Douglas-fir wood and pine
wood but increased the threshold for oak wood. Decreases in the ignition threshold are
attributed to recirculation zones near the fuel bed and firebrand interface. However,
the increase in ignition threshold for oak wood suggests that chemical sensitivities may
inhibit ignition enhancement due to wind. This work suggests that areas of high risk
of firebrand exposure may reduce the risk of ignition by using materials high in lignin
content.

5.2 Introduction

After a firebrand lands on a fuel bed, the parameters that determine if ignition occurs
can be broken down into three categories. The first category contains the properties of
the firebrand that lands. The second category considers the heat transfer between the
firebrand, fuel bed, and the surroundings. The last category is how the fuel bed responds
to the heat transfer from the firebrand. The response of the fuel bed to the heat transfer
from the firebrand is influenced by the morphology and chemical composition of the
particles in the fuel bed. Fuel bed materials present in wildfires vary significantly in both
morphology and chemical composition, and knowledge of the effects of each on ignition is
qualitative, at best. A previous study evaluated the impact of particle morphology [99],
and this work seeks to identify how differences in the chemical composition of a fuel bed
under attack by firebrands influence the probability of flaming ignition.
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Fuel beds at risk for ignition by firebrands vary significantly in chemical composition,
which may result in differences in thermal properties and the chemical species produced
during pyrolysis. Works considering ignition of fuel beds with varying concentrations
of constituents have found significant variation in ignition characteristics. Cellulose fuel
beds have been observed to have a lower ignition threshold when compared to grass and
pine needles when put in contact with hot metal particles [73]. Interestingly, cellulose
undergoes pyrolysis at either higher temperatures or later in the heating process than
both lignin and hemicellulose [63, 87]. This suggests that the lower ignition temperature
of cellulose is not due to pyrolysis occurring at lower temperatures but to the flammability
of pyrolyzates produced.

One method to evaluate the effects of chemical composition on the flammability of
pyrolyzates produced, and thus ignition propensity, is through modeling of the pyrolysis
process. Efforts to characterize the pyrolysis of biomass have continually improved the
understanding of the chemical processes that occur in both the solid and gas phase of
pyrolysis products. Recently, more inclusive pyrolysis models have been developed that
improve on the initial single step Arrhenius reactions [58] and more closely approximate
the reactions occurring during combustion of biomass [55–57] based on the initial chemical
composition of the fuels. With the development of models that are applicable to a wide
range of chemical compositions and environmental factors, the possibility of modeling
pyrolysis and ignition of fuel beds is possible. Coupling these models with databases, such
as the Bioenergy Feedstock Library [98] (which contains the chemical composition infor-
mation for a wide variety of materials that may be vulnerable to firebrand attack during
a wildfire), predictions of ignition potential may be possible without data from ignition
experiments. While currently available tools, like combustion models and composition
databases, may be useful individually for understanding fuel bed ignition and pyrolysis, a
framework linking the individual resources and knowledge to provide a general model of
fuel bed ignition is lacking. Unfortunately, the current level of knowledge on the ignition
threshold of materials of variable composition does not facilitate such a framework.

Studies considering ignition have primarily focused on the influence of heat transfer
and fuel bed conditions when identifying ignition parameters. The observed sensitivities
to fuel bed properties are attributed to heat transfer and chemistry-related processes. The
probability of ignition generally increases as the energy content of a firebrand increases [39].
However, further research has indicated that energy content alone is not a sufficient
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indicator of ignition as a minimum firebrand temperature (a driver of heat flux rates)
is also necessary [72]. Additionally, heat loss from firebrands to the surroundings has a
significant effect on ignition [38]. While the previous efforts have focused primarily on
identifying the impact of firebrand properties on ignition, efforts focused on the properties
of the fuel bed have shown sensitivities to fuel bed material type and particle size [73].

Additionally, for fuel beds of constant particle size, an increase in the packing density
of the fuel bed results in a decrease in the critical heat flux needed for ignition [77, 78, 101].
The observed sensitivities to fuel bed properties are likely caused by differences in both
heat transfer and chemistry-related processes. Changes in the particle size may impact
the contact area (e.g., a ball resting on fine sawdust compared to a pile of pine needles)
between the firebrand and fuel bed, potentially reducing the amount of heat transferred
through conduction as the contact area decreases. Additionally, when considering a fixed
particle size fuel bed, changes in chemical composition may change the heat transfer
and heating rate of the materials due to changes in the thermal conductivity of the
material affecting the ignition properties of the material. For these reasons, knowledge
of the effects of chemical composition on ignition, as it relates to thermal and chemical
processes, must be addressed to accurately represent ignition properties for the wide
range of materials found in fires resulting in home loss.

The objective of this work is to identify how changes in the chemical composition
of fuel bed materials affect the probability of flaming ignition. It is anticipated that
knowledge gained from this study may be used to improve the understanding of fuel bed
ignition for different fuels and help build a framework for estimating ignition probabilities
of different fuels without the need for extensive laboratory testing.

5.3 Methods

The 50% probability of flaming ignition with respect to the surface temperature of a
resistance heater was determined for five different materials in quiescent conditions and at
a wind speed of 5.8m/s. The fuel bed materials used were Douglas-fir wood, Douglas-fir
bark, pine wood, pine bark, wheat straw, and oak wood. These materials were chosen
to represent a range of chemical compositions and are materials that may be subject
to firebrand attack in a wildland urban interface fire. Table 5.1 shows the estimated
chemical composition of the materials based on the Bioenergy Feedstock Library [98]. To
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create fuel beds of consistent particle size, materials were granulated and then sorted such
that the particles fit through a screen with openings of 2.1mm but not through openings
of 0.85mm. Once sorted, the materials were oven-dried at 103°C. Two experimental

Table 5.1: Proportion of cellulose, hemicellulose, and lignin of the materials tested
estimated from the Bioenergy Feedstock Library [98]

Material Cellulose (%) Hemicellulose (%) Lignin (%) Other (%)
Oak Wood 45 22 24 9

Douglas-fir Wood 44 22 28 6
Wheat Straw 44 27 19 10
Pine Wood 40 30 20 10
Pine Bark 39 17 37 7

Douglas-Fir Bark 26 11 59 4

Table 5.2: Average bulk density of materials for each material and wind speed.

Material Ubulk = 0.1m/s (kg/m3) Ubulk = 5.8m/s (kg/m3)
Oak Wood 344 428

Douglas-fir Wood 99 74
Wheat Straw 85 85
Pine Wood 114 115
Pine Bark 215 172

Douglas-Fir Bark 131 146

apparatus were used to conduct ignition experiments. The experimental apparatus used
for the tests in quiescent conditions is shown in Figure 5.1. The quiescent apparatus used
a lever arm to hold the cartridge heater in a fixed position for the duration of the test. The
heater was inserted into the fuel bed approximately half of the heater diameter (3mm).
Tests conducted with a wind speed of m/s were performed using the apparatus shown
in Figure 5.2. This apparatus was operated inside of a wind tunnel where the heater
was lowered using an automated lowering device that maintained a constant pressure
equivalent to that of a 10g firebrand landing on the fuel bed. The pressure was monitored
and adjusted using a PID control system with force measured by a load cell. For all
tests the cartridge heater (firebrand surrogate) used was a 50mm long 6.35mm diameter
cartridge heater. The temperature of the heater was recorded with a type-K thermocouple
for the duration of each test. The temperature of the heater ranged from 250°C to 750°C
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Fuel Bed

Photodiode

Heater

Figure 5.1: Experimental apparatus for the ignition tests. The lever arm used to lower
the apparatus into the fuel bed, the fuel bed size relative to the heater, and the location
of the photodiode are illustrated.

and was controlled using PID control logic implemented in LabVIEW. The PID controller
kept the heater temperature within 6% of the setpoint for the duration of the tests. The
temperature setpoints of the resistance heater were determined using the three-phase
optimal design procedure to efficiently determine the desired ignition probability for the
number of tests conducted [96]. For tests where flaming ignition did not occur, data
was recorded for 3000s or until the reaction front of the smoldering material reached
the edge of the test container. The fixed position of the cartridge heater and the use of
the cartridge heater was implemented to maintain consistency between tests of the same
material and between test series of different materials. The use of the cartridge heater and
the fixed position is not necessarily representative of a burning firebrand landing on the
fuel bed, but the consistency of surface temperatures, ability to record temperature, and
consistent contact with the fuel bed is essential for comparing results across test series and
materials. For the quiescent tests, flaming ignition was detected with the use of a BPX 65
photodiode sampled at 1 kHz. If the intensity detected rose above a set threshold, flaming
ignition was said to occur. For the wind tunnel tests, flaming ignition was determined
from the rising temperature of the cartridge heater in the presence of flame. Visual
detection of flames was also used in cohort with the photodiode measurements. The 50%
probability of ignition was determined from a logistic regression on the outcomes of 25
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ignition tests conducted for each of the materials for which flaming ignition was observed.
The scikit-learn python package [88] was used to perform the logistic regressions used
to predict ignition probabilities. Table 5.3 shows the estimated thermal properties for

Fuel Bed

Heater

Load Cell

Lowering Arm

Inlet

Figure 5.2: Diagram of the experimental wind tunnel apparatus. Air flows through the
wind tunnel from left to right.

solid materials, as obtained from literature. The thermal conductivity of the porous fuel

Table 5.3: Estimated material properties the fuel beds tested. The properties of the solid
materials were obtained from literature. The thermal conductivity (kbed) and thermal
diffusivity (αbed) were calculated.

Material ksolid (W/(m K)) ρsolid (kg/m3) csolid (kJ/(kg K))
Douglas-fir Wood 0.12 [82] 510 [99] 1.26 [82]

Pine Wood 0.10 [82] 400 [102] 1.36 [82]
Oak Wood 0.15 [82] 600 [102] 1.23 [82]

Wheat Straw 0.16 [103] 1038 [104] 1.34 [105]
Pine Bark 0.21 [106] 350 [102] 1.36 [106]

Douglas-Fir Bark 0.21 [106] 440 [102] 1.36 [106]

bed materials was calculated using correlations for porous media from literature [81].
Equation 5.1 shows the correlation used where ϵ is defined as the proportion of volume
occupied by air, as is shown in Equation 5.2.

keff = 1
2

( 1
(1 − ϵ) /ksolid + ϵ/kair

+ ϵkair + (1 − ϵ) ksolid

)
(5.1)

ϵ = 1 − ρsolid

ρbed
(5.2)
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The specific heat of the porous media was determined using the respective proportions
of solid and air, as defined by ϵ, using the values obtained from literature.

cbed = ϵ cair + (1 − ϵ) csolid (5.3)

The calculated thermal conductivity (kbed) and diffusivity values (αbed) are shown in
Table 5.4.

Table 5.4: Calculated thermal conductivity (kbed) and thermal diffusivity (αbed) for the
materials tested at both wind speeds.

Ubulk = 0.1m/s Ubulk = 5.8m/s
Material kbed

(W/(m K))
αbed·10-7

(m2/s)
kbed

(W/(m K))
αbed·10-7

(m2/s)
Douglas-fir Wood 0.038 4.72 0.035 5.49

Pine Wood 0.040 4.87 0.040 4.84
Oak Wood 0.074 5.07 0.089 7.17

Wheat Straw 0.033 4.20 0.033 4.20
Pine Bark 0.098 11.7 0.081 9.18

Douglas-Fir Bark 0.058 6.25 0.062 6.30

5.4 Results and Discussion

The flaming or non-flaming ignition outcome of each test and the logistic regression results
for Douglas-fir wood, oak wood, and pine wood are shown in Figure 5.3 for the quiescent
tests. The circular markers represent the outcome of each test, either flaming or no ignition.
The logistic regression for each material is shown as a solid line with the shaded regions
representing the 95% confidence interval for each regression. Douglas-fir bark, pine bark,
and wheat straw are not shown in Figure 5.3 because flaming ignition was not observed
for five tests at the maximum heater temperature of 750°C. The heater temperature
estimated to produce 50% ignition probability from the logistic regressions for each
material is shown in Figure 5.5. Anecdotally, self-sustained smoldering was observed
for all five materials at temperatures lower than the flaming ignition temperature. The
heater temperature corresponding to the onset of smoldering ignition was not measured
in this study. Two aspects of the ignition results are of note from the quiescent cases.



64

Figure 5.3: Test results for materials where flaming ignition was observed. The circular
markers denote individual tests. The solid lines represent the logistic regression and the
shaded zones the 95% confidence interval with the ’x’ denoting the temperature for 50%
ignition probability.

Differences in the heater temperature estimated to produce 50% ignition probability
suggest that significant differences in ignition occur across a range of materials in the
same apparatus and experimental conditions. Second, the transition between no ignition
and flaming is less abrupt (i.e., the 95% confidence interval of the regression spans a
much larger temperature range) in the Douglas-fir results when compared to oak wood
and pine wood. This is significant because it may cause more difficulty predicting the
ignition of materials that ignite at lower temperatures. Lower confidence in predicting
ignition for more easily ignitable materials would be detrimental to the usefulness of a
model or predictive tool that may be implemented from this testing methodology. It is,
however, unclear if the ignition to no ignition transition in other materials of similarly
low ignition temperature will behave similarly to that of Douglas-fir. Characterization
of additional materials is needed to determine if the ignition to no ignition transition
becomes less abrupt as the ignition threshold decreases.

Figure 5.4 shows the averaged cellulose, hemicellulose, and lignin concentrations for
each material according to the samples recorded in the Bioenergy Feedstock Library, as
shown in Table 5.1. The marker colors for each material correspond to the calculated 50%
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ignition probability for the quiescent tests except for the wheat straw and Douglas-fir
bark, which are denoted as 800°C to indicate that the 50% ignition probability was higher
than the temperatures tested. Note that due to scaling inherent to a ternary projection,
the proportion of the fuels that are not cellulose, hemicellulose, or lignin, causes a shift in
the data. For example, the wheat straw and Douglas-fir are estimated to have the same
cellulose content but do not lie on the same iso-line of 44% cellulose. Nonetheless, the
relative proportions of each constituent are retained, and comparisons may still be made.
From the data shown in Figure 5.4 a local minimum ignition threshold exists near the
concentration of Douglas-fir wood. If the apparent local minimum persists with additional
materials, it could be used to rapidly identify materials less conducive to ignition, which
would be a powerful tool for choosing appropriate materials on and around homes in
areas at risk of ember attack.

Figure 5.4: Estimated chemical composition of each material tested with the marker
color representing the estimated 50% ignition probability. Note that the materials where
flaming ignition did not occur are represented as 800°C to show that the temperature of
ignition was not achieved.

The 50% ignition probability results for the 5.8m/s wind speed tests are shown
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in Table 5.5 along with the results for the 0.1m/s tests. From these results, there
are three observations of note. First, the increase of wind lowered the threshold for
ignition probability for the Douglas-fir wood and Pine wood by approximately 30%. The
decreased threshold for ignition is attributed to the formation of recirculation zones near
the heater. This is consistent with results presented in Chapter 4. Second, in contrast
to the Douglas-fir and Pine wood results, an increase in wind resulted in an increase in
the ignition threshold for oak wood. Flaming ignition was observed for some tests of oak
wood under wind. However, the predicted threshold for ignition was above 750°C. Third,
the materials that did not ignite in the quiescent tests were also not observed to ignite
in the presence of wind. The trends for Douglas-fir wood and pine wood match those
presented in Chapter 4 and trends reported in other studies of pine needle ignition [36]
and eucalyptus bark [31, 32]. However, the decreasing ignition probability of the oak
wood contradicts those observed in the aforementioned studies and this study. A decrease
in the ignition in the presence of wind is not unprecedented. An ignition study of various
litter layer types ignited by different types of firebrands observed sensitivity to firebrand
location. Ignition probability was reduced when the firebrand landed on top of the fuel
bed when compared to embedded firebrands [95]. The decrease in ignition probability
was attributed to increased heat loss due to wind. In this study, however, the location of
the cartridge heater was consistent across all materials, the energy is not a function of
the wind speed, and the flow field around the firebrands is consistent. Considering the

Table 5.5: Heater temperature required for 50% probability of ignition for the materials
and conditions tested.

Material 0.1 m/s(°C) 5.8 m/s (°C) ∆T (°C)
Douglas-fir Wood 574 391 -185

Pine Wood 634 430 -204
Oak Wood 663 >750 87

Wheat Straw >750 >750 -
Pine Bark >750 >750 -

Douglas-Fir Bark >750 >750 -

consistent ignition heat source and environmental conditions, the remaining differences
that may be driving factors for ignition trends of oak wood are material properties or
changes in pyrolyzate ignition due to wind. The most accessible material property to
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quantify and compare is the bulk density of the materials. However, there is no clear
correlation between density and the probability of ignition. Consider first the wheat straw,
which did not ignite at either wind speed, had a bulk density between pine wood and
Douglas-fir wood, which ignited in both wind conditions. Based on bulk density, wheat
straw is anticipated to ignite at a temperature between these two materials. Similarly,
oak wood has a bulk density higher than the Douglas-fir bark and pine bark but was
observed to ignite in the low wind speed cases. Clearly, the bulk density of the material
is not sufficient to differentiate between cases where ignition does or does not occur.

The thermal diffusivity of the fuel bed materials may provide insight into ignition
trends that bulk density does not capture. From the thermal diffusivity values presented
in Table 5.4 the fuel bed materials with the highest thermal diffusivity values (pine bark,
Douglas-fir bark, and oak wood in a wind speed of 5.8m/s) were not observed to ignite.
While there appears to be a correlation between thermal diffusivity and ignition, the
wheat straw had a lower thermal diffusivity than both pine wood and Douglas-fir wood
but was not observed to ignite in any tests. It is possible that, similar to the chemical
composition results, an ideal thermal diffusivity for ignition exists near the thermal
diffusivity of Douglas-fir wood and pine wood; however, a more likely cause is the error
from the multiple correlations used to estimate values or differences in measurements
across the multiple studies from which properties were collected. Thus, neither the bulk
density nor the thermal diffusivity estimates made here are sufficient to explain differences
in ignition, leaving differences in chemical composition as the remaining predictor.

Douglas-fir bark and pine bark, with the highest lignin content, were not observed to
ignite for the conditions tested. This suggests that materials with high lignin contents
may be the least likely to experience flaming ignition when exposed to firebrands and
thus are the safest with respect to risk around homes. However, this observation does not
consider the potential for smoldering ignition and a subsequent smoldering to flaming
transition that may occur. Thermogravimetric analysis experiments have shown that
while lignin begins to decompose at the lowest temperature of the three primary compo-
nents, it decomposes at the slowest rate and over a much wider range of temperatures [87].
It was also observed that the peak gas production of CO, CO2, and CH4 occurs at higher
temperatures than hemicellulose and cellulose. In contrast to Douglas-fir bark, wheat
straw had the lowest estimated lignin concentration but was also not observed to ignite.
When comparing wheat straw to Douglas-fir wood, the higher lignin concentration sug-
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gests that Douglas-fir wood is likely to have a higher ignition temperature than wheat
straw. This discrepancy in observed ignition behavior and what is expected based lignin
content is attributed to two material attributes. First, the pyrolysis process is complex,
and there is not a clear linear relationship between the composition of the fuel and flaming
ignition. It appears that materials of different compositions are capable of producing
gaseous products of near equal ignitability. However, the proportion of each constituent
for which ignition occurs most readily is unclear. Second, the thermal conductivity of
the materials likely varies significantly, which impacts the temperature gradients and
mass of the material above the pyrolysis temperature, further obfuscating the effect of
composition on ignition.

5.5 Conclusions

Flaming ignition tests were conducted for fuel beds of six different materials at two
different wind speeds. Ignition of fuel beds was induced by a cartridge heater that
served as a firebrand surrogate. The temperature of the heater was maintained at a
fixed temperature throughout each test, allowing sensitivities of ignition to fuel bed
composition to be evaluated. The ignition probability and chemical composition were
used to evaluate the influence of the chemical composition of the fuel bed and observe
differences in ignition probabilities in the presence of wind and in quiescent conditions.
The specific conclusions of this work are as follows:

1. Of the six materials tested, only three were able to be ignited below the 750°C
maximum temperature of the firebrand surrogate. Two of the three materials for
which ignition was not observed were bark. The higher ignition threshold of the bark
materials is attributed to higher lignin concentrations. The resistance to ignition
present in these materials suggest that using materials high in lignin in locations at
risk for firebrand attack in wildfires may reduce ignitions and subsequent losses of
structures. It is acknowledged that these results are for flaming ignition only, and
high lignin materials may pose a significant risk if smoldering or the smoldering to
flaming transition occurs.

2. For Douglas-fir and pine wood, an increase in wind speed decreased the temperature
required for ignition. However, for oak wood, an increase in wind speed inhibited
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ignition. Increases in ignition propensity with an increase in wind are attributed
to the formation of recirculation zones near the ignition source. In the case of oak
wood, the formation of recirculation zones inhibits ignition. The root cause of the
dichotomy in ignition trends is unclear; however, differences in the flammability
of pyrolysis products corresponding to changes in chemical composition are most
likely.

3. A direct correlation between the fuel bed composition and the ignition propensity
was not observed. This is attributed to the complexity of biomass pyrolysis. How-
ever, a local minimum ignition threshold near the composition of Douglas-fir wood
is present that warrants further investigation.

The conclusions of this work show that ignition is sensitive to the chemical composition of
fuel beds in both quiescent conditions and under wind. An increase in wind was observed
to increase ignition probability for some materials; however, this was not universally the
case. Materials high in lignin were among the least likely to ignite and more suitable
for placement in areas where firebrands are likely to land or accumulate in a WUI
environment. Further and more targeted analysis of the differences in pyrolysis products
for each material will likely yield further insight.
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6.1 Abstract

The increase in wildfire severity and the expansion of the wildland urban interface have
increased the need to protect homes from igniting during fires. Firebrand ignition is
a significant source of home loss in wildfires. Firebrands often accumulate on or near
structures, and an understanding of how multiple firebrands interact with the fuel, envi-
ronmental factors (i.e., wind), and other firebrands is necessary to better predict ignition
and protect homes effectively. This study evaluates changes in the ignition propensity of
a fuel bed when two surrogate firebrands are introduced as ignition sources. The fuel beds
consisted of Douglas-fir particles between 1.3mm and 2.3mm in size. Cartridge heaters
were used as surrogate firebrands. Four different heater configurations were tested at
two different wind conditions. Two heater spacings were used with either two actively
heated firebrand surrogates or one inert and one actively heated. A simplified CFD model
was implemented to provide additional insights into conditions leading up to ignition.
Increasing the wind speed reduced the temperature required for flaming ignition between
20% and 60%. Ignition thresholds were largely independent of firebrand surrogate con-
figuration at the high wind speed. However, at the low wind speed, interactions between
the firebrand surrogates significantly influenced ignition. Results from the CFD model
indicate that ignition occurred in regions where recirculation zones were present. The
location of recirculation zones where ignition was initiated was not always located near
the firebrand surrogate. More broadly, this work suggests that at low wind speeds or in
quiescent conditions, thermal interactions between firebrands has a significant impact on
ignition, but higher wind speeds, fluid dynamic effects control ignition.

6.2 Introduction

The increase of both wildfire severity and the number of homes on the Wildland Urban
Interface (WUI) has increased the occurrence of home loss due to wildfires since the
turn of the century [89]. Ignition of fuels by firebrands that in turn leads to the loss
of a structure is a primary source of home loss [18, 20, 69], and in some fires, has been
the source of 2/3 of structure ignitions [68]. Thus, it is important to understand the
ignition of fuel beds by firebrands in order to mitigate the risk of structure ignition [90].
Ideally, the understanding of the ignition process would result in a predictive model that
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would enable homeowners, firefighters, and other risk management personnel to determine
location-specific strategies for preventing ignition before and during a fire. Unfortunately,
such a model does not currently exist due to critical shortfalls in the current knowledge of
fuel bed ignition. For example, if a burning twig or cone landed on needles accumulated
in a gutter of a home, there is no model that can quantitatively predict whether or not
ignition occurs, and therefore the risk of that structure being lost to ignition from the
ember cannot be determined. The consequences of limited risk assessment and mitigation
for structures are numerous. For example, in WUI fires, firefighting resources are often
used to harden structures against firebrand ignition, but without an accurate prediction
of risk, each home must be treated equally, which in turn expends fixed resources on
homes that don’t need assistance at the detriment to those at highest risk.

Processes that influence ignition begin within the fire when a firebrand (e.g., branch,
bark, cone, etc.) is ignited and lofted into the air by wind. The combusting firebrand
is then transported to and lands on a fuel bed near or on a structure. Energy is then
transferred to the fuel bed, and if the energy is sufficient, the fuel bed will undergo
pyrolysis and produce flammable gases, which may then ignite and begin flaming. These
flames may then spread and destroy the structure. Each of these processes, firebrand
generation, transport, and ignition, require additional research before a predictive model
is possible. This work focuses on the processes that occur during ignition of the fuel bed.

An additional risk factor for the ignition of structures is the accumulation of firebrands
on fuel beds. The geometry of homes often promotes the accumulation of firebrands by
creating recirculation zones that promote the deposition of firebrands. The accumulation
of firebrands poses an increased risk of home ignition in multiple ways. First, since
ignition is largely a stochastic process, the more firebrands that land on an area, the
larger the probability of ignition. Second, firebrands that accumulate close to one another
may depart more energy onto a fuel bed than a single firebrand alone. In work conducted
by Hakes et al. [74] an increase in firebrand pile mass increased the total energy imparted
to an instrumented surface. The increase in energy release was attained by a longer
duration of energy release as the pile mass increased.

The accumulation of firebrands near structures also requires the presence of wind
which has also been shown to influence ignition. Thus, considering ignition by multiple
firebrands also requires the consideration of wind on the process. In work conducted by
Suzuki and Manzello [25] when wind was increased from 6m/s to 8m/s the number of
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firebrands required for ignition of the wood much fuel bed decreased. Similar observations
of wind lowering the ignition threshold have been observed in multiple studies with single
firebrands. Wang et al. [36] reported decreases in ignition times as wind speed increased
for hot metal particles dropped on pine needle fuel beds. Ellis reported that the addition
of wind increased the threshold of fuel moisture content where ignition was observed
for natural firebrands deposited on eucalypt forest litter. The trends observed by Ellis
agreed with those observed by Ganteaume et al. [33] and Pulcinski and Anderson [95]
where the addition of wind increased ignition probability. From these studies, an increase
in wind increases the danger of fuel bed ignition near homes, but the mechanism(s) that
cause the increased ignition probability are unclear.

For single firebrands, it has been postulated that the primary enhancement of wind
is due to increased oxygen to the firebrand and fuel bed. From these works it was
unclear if the ignition enhancement was due to increased heat release from the firebrand,
increased mixing and oxygen in the pyrolyzates, or some combination of both. Results
from the work outlined in Chapter 4 show that in the presence of an ignition source
where the heat release is not influenced by wind an increase of wind increases the ignition
probability. The increase in ignition probability was attributed to the accumulation of
pyrolysis products near the energy source (cartridge heater) suggesting that fluid flow
near the firebrand is a significant controlling parameter for ignition.

The addition of multiple firebrands in close proximity adds additional layers of com-
plexity with respect to both heat release and fluid dynamics. Hakes et al. [74] identified
re-radiation and reheating as key processes that differentiate single firebrands from mul-
tiple firebrands and have significant influence on energy deposited to the fuel bed. The
presence of multiple firebrands may also create disturbances in the fluid flow around the
firebrands that influence recirculation zones and alter the ignition propensity. What is
unclear from these conclusions is the magnitude of the effect that re-radiation and flow
disturbances have on ignition. Understanding the magnitude of these processes on the
probability of ignition is imperative to creating accurate ignition models.

With this background and motivation, the objective of this study is to quantify the
influence of multiple firebrands on the ignition propensity of a fuel bed. It is anticipated
that the results of this work will help further the understanding of the difference in
ignition propensity between a single firebrand and multiple firebrands that may interact
through fluid and thermal processes. A more complete understanding of these processes
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can ultimately be used to increase the accuracy of ignition models and enable better
protection of structures in the WUI.

6.3 Methodology

6.3.1 Experimental

The probability of flaming ignition for fuel beds consisting of Douglas-fir particles was
measured for eight configurations of two firebrands in a wind tunnel. The wind tunnel was
operated at either 0.5 m/s or 5.8 m/s for each test series. The wind speed was measured
with a TSI-IFA300 hot wire probe. Figure 6.1 shows a representation of the wind tunnel,
fuel bed, and the automated lowering device. Table 6.1 shows the test matrix for each
series of tests. For all of the tests the heaters were oriented perpendicular to the flow
and the downstream heater was heated. For tests where both heaters were heated the
temperatures of both heaters were maintained at the same temperature.

The combinations of heater spacing and hot or ambient upstream heater were chosen
to represent different levels of fluid and thermal interactions between the heaters and the
fuel bed. The heater spacing of five diameters was chosen such that minimal interaction
between the heaters occurs as preliminary CFD calculations indicated that the recircu-
lation zone of the upstream heater is approximately five diameters when the heater is
in a wind of 5.8 m/s and an orientation perpendicular to the flow. Preliminary thermal
calculations also indicated that the pyrolysis fronts created by each heater are unlikely
to interact within previously observed times to ignition. The heater spacing of one diam-
eter was chosen for a high level of interaction between both the fluid disturbances and
thermal fronts of each firebrand. The one diameter spacing places the downstream heater
inside the recirculation zone of the upstream heater under wind, and the preliminary heat
transfer calculations indicated that the thermal fronts of each heater will merge before
the anticipated time to ignition.

The chosen heater orientations also represent potential scenarios that may be encoun-
tered in a wildfire. The configuration with two heaters both heated is representative of
a multi firebrand attack where the one diameter spacing approximates a firebrand pile
and the five diameter spacing approximates two firebrands falling in close proximity but
not within each others region of influence. The configuration with only the downstream
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heater heated is representative of a firebrand falling near an object (e.g., twig, rock, or
cone) that disturbs the flow and may act as a heat sink for the energy deposited to the
firebrand with the one and five diameter spacing representing a firebrand falling both
within and outside of the region of influence of the firebrand. The configuration where
the upstream heater is not heated and five diameters is also considered a control for
comparison to previous single heater ignition results.

Table 6.1: Test matrix

Test Series Heater Spacing Upstream Heater Ubulk (m/s)
1 1 Ambient 0.5
2 1 Ambient 5.8
3 1 Hot 0.5
4 1 Hot 5.8
5 5 Ambient 0.5
6 5 Ambient 5.8
7 5 Hot 0.5
8 5 Hot 5.8

The cartridge heaters used had diameters of 6.4mm and lengths of 51mm. The heater
sizes were chosen to represent large firebrands with a high potential to ignite a fuel bed
in a wildfire [107]. The heater temperatures were controlled using a PID temperature
controller implemented in LabVIEW. Heater temperatures ranged from 250°C to 750°C.
Heater temperatures were measured using a type-K thermocouple attached to the center
of each heater opposite the fuel bed. Controlling the temperature of the heater provides
an advantage over natural burning or smoldering firebrands and pre-heated particles
by removing the temperature variability of the heat source and enabling real-time data
logging of the heat source temperature. Controlling the temperature of the firebrand also
removes some complexity of calculating the energy imparted to the fuel bed. The heater
was lowered onto the fuel bed with an automated lowering device. The lowering device
included a load cell and a PID controller to maintain a force equivalent to a two 10g
firebrands throughout the experiment. To minimize flow disruptions due to apparatus,
the heaters were each attached to two 4-40 threaded rods that extended approximately
100mm below the load cell.

The fuel bed material was processed from kiln-dried Douglas-fir lumber. The lumber
was first planed to generate shavings. The wood shavings were then granulated and
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Figure 6.1: Diagram of the experimental wind tunnel apparatus. Air flows through the
wind tunnel from left to right. The dashed region represents the domain subset used for
computational efforts.

screened such that the particles passed through a 2.3mm screen but not through a 1.3mm
screen. The particles were then dried in an oven at 103°C to remove any remaining
moisture content. During tests, the fuel was placed in a 140mm diameter glass container
with a depth of 70mm and then inserted into the wind tunnel. The average density of
the fuel beds was 93kg/m3.

6.3.2 Computational

A simplified model was implemented to obtain further insight into the fluid mechanics
and heat transfer processes that influence the trends observed in the experimental efforts.
The model was implemented in three parts. First, a thermal model of the fuel bed
was used to estimate the mass of the fuel bed above the pyrolysis temperature and the
average temperature. Second, the mass of the fuel bed material converted from solid fuel
to gaseous pyrolysis products was estimated. In the third and final step, the fluid flow
and heat transfer between the heaters, air, and released pyrolyzates was modeled. The
modeling efforts were conducted for a 10s interval to ensure proper characterization of
the flow field and maintain an accurate representation of the fuel bed. As mass is lost
from the fuel bed due to pyrolysis, the contact area between the heater and the fuel bed
changes as does the surface shape of the fuel bed. It was observed during experiments that
the contact between the heat and the fuel bed and the shape of the fuel bed itself began
to deviate significantly from the model domain at approximately 10s. Considerations of
changes in contact area and changing geometry due to pyrolysis is out of the scope of this
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work. Nonetheless, the treatment of each configuration equally and within the limited
time frame is still anticipated to produce insight into the influence of the thermal and
fluid processes on ignition.

The 2-D thermal model of the fuel bed was conducted using OpenFOAM [84]. The
calculations solved the heat diffusion equation (Equation 6.1) to observe the spatial and
temporal evolution of the fuel bed temperatures.

∂ (ρh)
∂t

= ∂

∂xj

(
α

∂h

∂xj

)
(6.1)

Figure 6.2 shows the computational domain of the fuel bed. The thermal diffusivity
of the fuel bed materials was estimated using correlations from literature for the thermal
conductivity [81] and published values of specific heat [108]. Equation 6.2 shows the
correlation for effective thermal conductivity where ϵ, as defined in Equation 6.3, is the
proportion of the fuel bed that is air. The bulk density of the fuel bed material (ρbed)
and the solid wood (ρsolid) were obtained from experimental samples.

keff = 1
2

( 1
(1 − ϵ) /ksolid + ϵ/kair

+ ϵkair + (1 − ϵ) ksolid

)
(6.2)

ϵ = 1 − ρsolid

ρbed
(6.3)

Average cell sizes for the domain ranged between 0.02mm near the heater to 0.2mm near
the insulated boundary. The mesh consisted of 500,000 cells. The interface between
the fuel bed and air and the radial edge of the domain were treated as insulated. The
centerline was treated as a symmetric boundary condition. The insulated radial edge and
symmetric boundary conditions are consistent with boundary conditions in the actual
experiment since the 25mm distance ensure no temperature change during 10s of heating
modeled, and the heater temperature has been observed to be circumferentially consistent
with infrared imaging. The insulated interface with the air does not account for radiation
and convective heat losses from the surface of the fuel bed as it is heated. However, the
magnitude of the heat losses from the fuel bed is estimated to be significantly smaller in
magnitude than the heat transfer from the heater. Reactions, mass loss due to pyrolysis,
and changes in contact area due to changing fuel bed geometry are not considered in the
temperature analysis. While the aforementioned assumptions and limitations reduce the
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Figure 6.2: Diagram of the computational domain where black lines indicate domain
boundaries and red lines are boundaries defined by the heater. The arrows denote flow
of pyrolysis products from the fuel bed into the air above the fuel bed.

accuracy of the model in comparison to the experimental conditions, the temperature
distributions still provide insights into differences in the mass of the fuel bed material
that undergoes pyrolysis and provides insight to better interpret the experimental results.

The velocity of pyrolyzates entering the fluid domain from the fuel bed was determined
in a two-step process. First, the mass of material in the fuel bed undergoing pyrolysis was
estimated. All material over a temperature of 220°C was considered to undergo pyrolysis.
This temperature was chosen as 220°C corresponds to the minimum temperature for the
pyrolysis of hemicellulose and is considered the onset of pyrolysis [87]. The amount of
mass estimated to depart the fuel bed was determined to be the proportion of fuel bed
material that converted to gas-phase products when reacted at the average temperature
of the material above the pyrolysis threshold from the thermal model. Reactions were
conducted using the BioPOx mechanism [57], and mass was assumed to depart the fuel
bed if it existed in the gas phase. Species were considered to be gas-phase if they were
present in the Bio1412 mechanism [55, 86] since the Bio1412 mechanism considers the
gas-phase reaction of pyrolysis products. The reaction calculations were conducted in
Cantera [85]. The Cantera calculations were 0D which necessitated using the average
temperatures of the fuel bed for the pyrolysis calculations rather than spatially resolved
temperatures. The Cantera calculations considered the fuel bed material as an insulated
fixed mass reactor. The following equations were solved to obtain the temperature and
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species concentrations of the pyrolyis products.

∂m

∂t
= 0 (6.4)

m
∂ (mYk)

∂t
= ṁk,gen = V ω̇kMWk (6.5)

mcv
∂T
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= Q̇ −

∑
k
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Where Yk, ṁk, and ω̇k are the mass fraction, mass generation rate, and generation rate
of each species k in the mechanism used. V is the volume of the fuel bed material in
the reactor. The species generation rates ω̇k are determined from the reactions included
in the mechanism. The mechanism used for pyrolysis contains four different types of
chemical reactions. The equations used to calculate the reaction rates for an elementary
reaction is:

kf = AT be−Ea/RT (6.7)

Rf = [A][B]kf (6.8)

Where Rf is the forward reaction rate, kf the reaction rate constant, Ea the activation
energy, b is the temperature exponent and R is the gas constant. Similarly, the reaction
rates for three body reactions are calculated as:

Rf = [A][B][M ]kf (6.9)

[M ] =
∑

k

ϵkCk (6.10)

Where ϵk and Ck are the collision efficiency and concentration of each species, respectively.
Falloff reaction rates are calculated using the reduced pressure P defined as:

P = k0[M ]
k∞

(6.11)
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The reaction reaction rate is then calculated as:

kf (T, P ) = k∞

(
P

1 + P

)
F (T, P ) (6.12)

Pressure dependent P-Log reaction rates are calculated for intermediate values using a
logarithmic interpolation between two reaction rates k1 and k2 at pressures P1 and P2

as:
log kf (T, P ) = log k1(T ) + (log k2(T ) − log k1(T )) log P − log P1

log P2 − log P1
(6.13)

The overall generation rate of each species (ω̇k) is defined as the sum of the individual
reaction rates Rf for all of the reactions where the species is present. Where νi number
of each species produced for each reaction. Equation 6.14 results in the source term for
Equation 6.5, the solution of which determines the mass fractions of the species that are
released into the fluid domain above the fuel bed.

ω̇k =
N∑
i

νiRf,i (6.14)

Where νi number of each species produced for each reaction.
The mass flux of the gases exiting the fuel bed was determined by averaging the total

mass of gaseous pyrolysis products produced over the 10s interval. The exit velocity was
then determined as the mass flux through the distance between the heater edge and the
pyrolysis threshold, as shown by the dotted line in Figure 6.2. The calculated velocity
and injection area was then used as an input for calculations conducted in the flow field.

A 2D RANS model of the flow above the fuel bed and around the heaters was
implemented in OpenFOAM. The area of the computational domain with respect to the
experimental apparatus is shown as the dashed line in Figure 6.1. The 2D slice of the
domain modeled was considered to pass through the center of the heaters and corresponds
to the location of the highest temperature of the heater, which also typically coincides
with the ignition location. The mass, momentum, species, and energy equations for the
calculations are shown below [109].

∂ρ̄

∂t
+ ∂

∂xi
(ρ̄ũi) = 0 (6.15)



82

∂(ρ̄ũi)
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The domain used for all calculations performed was 125mm long and 75mm high. For
the cases where the heaters were spaced one diameter apart a total of 13206 cells with
characteristic lengths from 0.05mm in the region surrounding the heaters to 1.5mm in
the free stream above the heaters. For the cases where the heaters were spaced five
diameters apart a total of 21948 cell with characteristic lengths from 0.06mm in the
region surrounding the heaters to 1.6mm in the free stream above the heaters. For both
cases the fine mesh spacing extended between the heaters accounting for the increased
cell count for the five diameter spaced case. Refinement of the mesh by a factor of
three resulted in a shift in separation angle for the upstream heater of 0.2%. Thus, the
calculations were considered of acceptable accuracy to visualize the trends observed in
experiments.

The inlet boundary conditions were determined from experimental measurements
where the bulk wind speeds were 5.8 m/s, 3.5 m/s, 0.5 m/s with corresponding inlet
turbulence intensities of 0.14%, 0.2% and 1.6% respectively. Turbulence parameters were
determined from measurements taken of the experimental apparatus with a TSI IFA-300
hot wire anemometer. The k-ϵ turbulence model was used with values of 1.4·10-4m2/s2

and 9.5·10-6m2/s3 for k and ϵ respectively. Calculations were conducted for 10s and were
then averaged to observe differences in temperature and velocity characteristics between
the different configurations. The solid surfaces (i.e., cartridge heater, fuel bed, and wind
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tunnel floor) were considered with a no-slip boundary condition at fixed temperatures.
All temperatures except the heater surfaces and pyrolyzate inlets were 300K. The inlet
temperature and inlet velocity of the pyrolysis gases were determined from the fuel bed
thermal model and Cantera calculations. The cartridge heater was maintained at a
fixed uniform temperature corresponding to the temperature estimated to result in 50%
ignition probability from experimental tests. The outlet and tap of the domain used a
zero gradient boundary condition.

6.4 Results and Discussion

The flaming ignition or non-ignition result of each test is shown in Figure 6.3. The
markers show the result of each test, and the curves show the logistic regression for
each of the heater configurations as defined in Table 6.1. The shaded regions around
the curves represent the 95% confidence intervals of each regression. The top plot in
Figure 6.3 shows configurations where the downstream heater is actively heated and the
upstream heater is at ambient conditions. The bottom plot in Figure 6.3 shows results for
configurations where both heaters are actively heated to the same temperature. Table 6.2
shows the heater temperatures estimated to result in a 50% ignition probability from the
logistic regressions shown in Figure 6.3 as well Temperature values for the corresponding
wind speed and orientation from the single heater study in Chapter 4 are shown in the
column titled "Single" for comparison.

Table 6.2: Heater temperature required to achieve 50% ignition probability for the
configurations tested with 95% confidence intervals shown in parentheses. The column
"Unheated" refers to cases where the upstream heater was not temperature controlled.
Hence the temperature corresponds to the temperature of the hot heater. "Heated" refers
to cases where both upstream and downstream heaters were maintained at the setpoint
temperature. The single heater column shows predicted ignition temperatures from the
study in Chapter 4 for a single heater.

Ubulk (m/s) Spacing (D) Unheated (°C) Heated (°C) Single (°C)
0.5 1 750 (644, 850) 533 (527, 541) 571
0.5 5 578 (565, 583) 601 (597, 604) 571
5.8 1 423 (417, 429) 406 (397, 416) 399
5.8 5 438 (421, 454) 396 (387, 407) 399
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Figure 6.3: Ignition or no ignition outcomes of tests with different heater configurations.
The circular markers indicate outcomes of individual tests and the curves represent logistic
regressions of each test series. The shaded region shows the 95% confidence interval for
each regression.
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Considering first the cases where both heaters are actively heated (Figure 6.3 bottom
panel and Table 6.2 "Heated" column) there are three observations of note. First, in
both the one and five heater diameter spacing cases an increase in wind from 0.5m/s to
5.8m/s resulted in a lower temperature threshold for ignition. The 50% ignition threshold
decreased 24% (127°C) for the one diameter spacing and 34% (205°C) for the five diameter
spacing configuration. These results are similar to the 35% decrease in the ignition
threshold for the single heater results presented in Chapter 4. The reduction in ignition
temperature is attributed to an increased residence time of pyrolyzates near the heater
in recirculation zones. The second observation for the 0.5m/s wind speed tests is that
decreasing the heater spacing from five heater diameters to one heater diameter resulted
in an 11% decrease in the temperature required to achieve a 50% ignition probability.
The shift in ignition probabilities is attributed to increased heat transfer between the
closely spaced heaters. Anecdotally, the shift in ignition probability observed by moving
the heaters closer together was accompanied by a shift in ignition mode. Specifically,
as the heater temperature was reduced below the 50% ignition threshold for a single
heater, ignition was observed only after the smoldering fronts between the heaters merged
(based on the visible location of char). Flaming ignition then occurred in the plume of
pyrolyzates that established between the heaters. The lower threshold for ignition when
both heaters were hot, and only one diameter apart is attributed to increased heat transfer
to the pyrolyzates as they depart the fuel bed. However, due to the multiple parallel
processes that may be influenced by the increased heat transfer, the root cause mechanism
for the increase in ignition probability is not clear. Possibilities include an increased
temperature of pyrolyzates departing between the heaters due to enhanced radiative
and convective heat transfer, preheating of air as it flows over the upstream heater
before mixing, increased mass flux of pyrolyzates from the fuel bed, or a combination of
effects. In contrast to the change in ignition probability between configurations at a wind
speed of 0.5m/s, the differences in ignition probability were not statistically significant at
5.8m/s irrespective of heater configuration. This suggests that the enhanced heat transfer
between the cartridge heaters is not influential in windy conditions. Anecdotally, in cases
under wind, ignitions occurred on the upstream side of the upstream cartridge heater
suggesting that ignition is more favorable in the recirculation zones on the upstream side
of the heater even with the addition of heat.

Now considering the cases where only the downstream heater was actively heated
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("Unheated" column of Table 6.2), there are three observations of note. First, similar
to the dual heated and single heater results from Chapter 4 an increase of wind from
from 0.5m/s to 5.8m/s significantly lowered the ignition threshold. Second, for cases
with a wind speed of 5.8m/s, changing the spacing between the heaters did not have a
significant influence on the temperature required for ignition, which aligns with the trends
observed for the cases where both heaters were hot. Third, decreasing the spacing from
five diameters to one diameter in low wind speed conditions increased the temperature
required for ignition by greater than 30%, which is the opposite trend observed for cases
where both heaters were hot. This notable deviation from trends is attributed to the
unheated heater acting as a heat sink requiring significantly more energy for ignition.

Further insight into the influence of heater configuration and wind speed on ignition
is gained from the results of the computational efforts. Figure 6.4 shows the averaged
velocity streamlines and temperature distribution in the fluid flow around the heaters for
each heater configuration. Air flows from left to right in Figure 6.4. The solid black lines
separate the figure into quadrants with the same heater spacing and wind speed. Each
quadrant contains two images, one where both heaters are actively heated and one where
only the downstream heater is actively controlled. The numbers inside the circular heater
boundaries correspond to the assigned temperature of the heater during the calculation.
The assigned surface temperatures correspond to the heater temperature anticipated to
produce a 50% probability of ignition for the wind speed and heater conditions. Heater
boundaries with blue circles inside them correspond to cases where the heater was not
heated and acted as an inert object. The arrows indicate the observed location of ignition
when observed. Ignition locations were not observed for every case. However, sufficient
ignition locations were recorded to provide insight into controlling parameters.

The computational results for the 0.5m/s cases are represented in rows 1 and 2
of Figure 6.4 and the results for the 5.8m/s cases are represented in rows 3 and 4 of
Figure 6.4. Recall, from the experimental results that the increase in wind speed from
0.5m/s to 5.8m/s had the most significant decrease in ignition threshold. When comparing
differences between the streamlines for the two different wind speeds, the cases with a
wind speed of 5.8m/s have recirculation zones near the intersection of the fuel bed and
the heater and the 0.5m/s cases do not. Figure 6.5 shows an enlarged images of the
streamlines for panels (A, 2) and (A, 4) from Figure 6.4 where both heaters are active
and spaced one diameter apart. Considering the regions on the upstream (left) side of the
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Figure 6.4: Time averaged velocity streamlines and temperature profiles for each con-
figuration. The numbers inside the heater boundaries identify the surface temperature
of the heater. Blue circles indicate that the heater was unheated. Arrows show typical
ignition locations in experiments.
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heaters the 5.8m/s case shown in Figure 6.5b has distinct recirculation zones. Notably,
ignition observed during experiments that correspond to Figure 6.5b and Figure 6.4
panel (A, 4) was observed to occur on the upstream side of the upstream heater, which
corresponds to the leftmost recirculation zone in Figure 6.5b. This is perhaps unexpected
as the leading edge of the downstream heater also has a recirculation zone near the fuel
bed, and a secondary recirculation zone exists between the heaters that create a large
region of fluid at temperatures above ambient which would facilitate ignition. Instead, it
appears that the conditions in the furthest upstream recirculation zone are more favorable.
A similar location for ignition was observed for single heater configurations in Chapter 4.
The similar observations of ignition location and the similarities in ignition threshold
between the single and double heater cases suggest that in the prescience of wind, fluid
dynamic effects are more influential than thermal effects. Considering the cases where

(a) 0.5m/s (b) 5.8m/s

Figure 6.5: Comparison of streamlines for two different wind speeds with heaters spaced
one diameter apart. Air flows from left to right. Images correspond to the panels (A, 2)
and (A, 4) in Figure 6.4

the wind speed was 5.8m/s but the upstream heater was not heated and is effectively
an inert flow obstruction (Figure 6.4 row 3). Following the trends of the previous case
where both heaters were heated, ignition would be expected to occur in the recirculation
zone upstream of the actively heated heater. However, in these configurations, ignition
occurred on the downstream side of the upstream heater as indicated in Figure 6.4 row 3
and as shown in Figure 6.6. Figure 6.6 shows images of the fuel beds shortly after ignition
occurred for both the one diameter and five diameter spaced cases. In both heater cases,
ignition occurred on the downstream side of the upstream heater after the pyrolysis front
of the fuel bed propagated upstream and reached the inert heater. Effectively by not
heating the upstream heater, the location of ignition shifted from the upstream side of
the upstream heater to the downstream side of the upstream heater. This is perhaps
counterintuitive since ignition occurred in recirculation zones when both heaters were
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(a) 1D Spacing (b) 5D Spacing

Figure 6.6: Images of fuel beds shortly after ignition near the upstream (left) heater. In
both cases the wind speed was 5.8m/s and the upstream heater is unheated/inert. Air
is travelling from left to right in both images.

heated, but the ignition locations for the inert upstream heater do not coincide with
recirculation zones in the computational results shown in Figure 6.4 row 3. In addition
to ignition in an area that lacks recirculation, in these cases, ignition is also occurring
further from the heat source than in the other heater configurations and wind speeds.
Ignition far from the heat source, especially in the five diameter spaced case, suggests that
the fuel bed is undergoing a smoldering to flaming transition. Ignition away from the heat
source was not observed in the single heater cases presented in Chapter 4 suggesting that
the upstream heater appears to be facilitating this transition. The smoldering to flaming
transition near the inert heater is attributed to changes in the local fluid flow field as the
smoldering front approaches the heater. Studies of the smoldering to flaming transition
have found that the mass flux rate of smoldering fuel bed is sensitive to wind speed [110]
and that the accumulation of pyrolyzates increases the likelihood of flaming [111]. As
the smoldering front approaches the upstream heater, both a change in wind speed
and an accumulation of pyrolyzates may occur, creating a perturbation that ultimately
results in ignition. Another potential contributor to ignition is the heater acting as an
overhang which may contribute to the smoldering to flaming transition. Unfortunately,
little information is available regarding the influence of overhangs on the smoldering to
flaming transition, but in this case overhangs seem to promote ignition [112]. Despite the
different ignition locations between the heater configurations with a wind speed of 5.8m/s
the temperature required for a 50% ignition probability differs by less than 10% between



90

all four heater configurations and spacings and in comparison to the single heater results
from Chapter 4. Thus, for the configurations tested, an increase of wind speed from
0.5m/s to 5.8m/s has a more significant effect than the number, spacing, and whether
or not both heaters are hot.

6.5 Conclusions

Flaming ignition tests have been conducted for porous Douglas-fir fuel beds with two
firebrand surrogates in various configurations. Eight different configurations of heater
spacing (1D or 5D), wind speed (0.5m/s or 5.8m/s), and heater condition (actively
heated or inert) were tested. Cylindrical resistive cartridge heaters were used as firebrand
surrogates. The ignition or no ignition outcomes of tests for each configuration were used
to determine the temperature required for 50% ignition probability. A simplified model of
heat transfer, pyrolysis product release, and fluid flow over the fuel beds was implemented
to gain insights into differences in ignition propensity between the configurations. The
specific conclusions of this work are as follows:

1. Increasing the wind speed lowers the threshold for ignition. However, the magnitude
of the change in ignition threshold is sensitive to the spacing and temperatures of
cartridge heaters used. The ignition threshold may reduce between 20% and 60%
depending on the heater configurations.

2. At wind speeds of 5.8m/s the ignition threshold is largely independent of thermal
interactions between firebrand surrogates. The lack of sensitivity to inter-firebrand
effects is attributed to the ignition being largely controlled by the fluid dynamics
around the firebrand surrogates. Ignition is largely controlled by the propensity of
pyrolysis products to accumulate and is independent of thermal interactions with
nearby objects, whether they are energy sources or sinks.

3. In low wind conditions (e.g., 0.5m/s), the ignition threshold is more sensitive to ther-
mal interactions between the firebrand surrogates than in higher wind conditions.
For example, when the firebrand was spaced one diameter apart, the difference
between ignition thresholds when the upstream firebrand is inert or an energy
source is 34%. When the firebrand surrogates were spaced such that they did not
thermally interact (five diameters apart), the difference in ignition threshold was
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4%. Thus, at low wind speeds or in quiescent conditions, ignition is sensitive to
thermal interactions with nearby objects. Ignition is promoted if nearby objects
supply energy and inhibited if thermal sinks are nearby.

4. In configurations where the firebrand is downstream of a flow obstacle, ignition
may occur via the smoldering to flaming transition. The smoldering to flaming
transition appears to be facilitated by either accumulation of pyrolysis gases in
the downstream edge of the flow obstruction or by the formation of an overhang
as the fuel bed recedes underneath the obstruction. This phenomenon produces
ignition at similar temperatures to other configurations and may not be important
for ignition predictions but may be of interest to smoldering research.

The conclusions of this work show that ignition of a fuel bed is more likely when a
firebrand or firebrand lands on a fuel bed under conditions that promote recirculation
zones near locations where pyrolysis gases are released from the fuel bed. It was observed
that under windy conditions, ignition is less sensitive to nearby embers or inert objects
than at low wind speeds. These observed sensitivities highlight the increased risk of fuel
bed ignition in windy conditions and in cases where firebrands may accumulate in all
wind conditions.
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Chapter 7: Conclusions & Ignition Model

The preceding chapters of this document presented findings from studies evaluating the
influence of various parameters on the probability of ignition of fuel beds in wildfires.
The specific objectives of this work are as follows:

1. Determine the effects of particle morphology on ignition propensity

2. Ascertain ignition dependence on heating location(s), mode, and rate

3. Identify and quantify the influence of environmental conditions on ignition propen-
sity.

4. Identify the influence of fuel bed chemical composition on flaming ignition.

The conclusions of each effort are restated in the following sections, followed by a discus-
sion of the implications of the results as they pertain to each specific objective and the
overall objective of this work.

7.1 Sensitivities of Porous Beds and Plates to Ignition by Firebrands

1. Smaller particles ignite more readily in porous beds than larger particles when
heat transfer from the heater is primarily through conduction. This was evident
by higher ignition probabilities, in general, of the smaller particles for a fixed
heater temperature. As particle sizes increase, radiant heat transfer becomes more
important, and fuel beds with larger particles were more likely than smaller particles
to ignite at extended times (>100s) due to the increased importance of radiant
ignition.

2. Douglas-fir plates ignite at times where conduction is the dominant mode of heat
transfer (<10s) due to the higher thermal conductivity of the solid plates. The
ignition probability of plates was the most similar to the larger particle, in particular
at lower heater temperatures, due to dispersed heating of the porous fuel bed
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through radiation and the increased thermal conductivity of the plates creating
similar temperature profiles. The rise in ignition probability over a smaller heater
temperature range time with temperature results from more consistent contact
between the heater and plate surface.

3. Heat flux delivered to the fuel bed, when compared to heater temperature, is more
indicative of ignition likelihood and ignition time for porous fuel beds. Heat flux
is a more significant predictor of ignition because it captures differences in heat
transfer modes and particle contact that heater temperature values do not. While
this finding is not new, what is novel is that the mixed mode of heating (conduction
and radiation) has a significant impact on the flaming ignition of fuel beds.

4. Consideration of the transport characteristics of pyrolyzate gases near the high-
temperature source can be important for more fully predicting ignition propensity.
A Da of ignition, in relation to the measured heat flux and thermal diffusivity of
the fuel beds, is a promising relationship for predicting ignition for the porous fuel
beds.

Further work is needed to verify that the Da may be used to predict ignition for solid
surfaces and for porous fuel beds with varying chemical compositions. If proven valid, the
(Da), measured/predicted heat fluxes, and fuel bed properties may be used to help predict
the ignition of fuel beds both in and out of the WUI, ultimately helping to increase the
effectiveness of fire prevention and suppression efforts.

7.2 Influence of Wind on Flaming Ignition of Porous Wood Fuel Beds

1. An increase in wind speed above quiescent conditions reduces the temperature
required for the flaming ignition of a fuel bed. For example, an increase in wind
speed of 3.5m/s from quiescent increases the ignition probability of a fuel bed from
under 30% to roughly 100%. However, a linear increase in wind speed does not result
in a linear increase in ignition probability. Thresholds in wind speed exist above
which temperatures required to achieve ignition actually increase. For example,
when the wind is oriented 45° from the heater centerline, increasing the wind from
quiescent to 3.5m/s reduces the temperature required for ignition probability by
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30%. However, increasing the wind speed from quiescent to 5.8m/s reduces the
temperature required for ignition by only 25%. Presumably, these thresholds occur
because of reductions in residence time.

2. The temperature at which ignition occurs for porous fuel beds is sensitive to the
orientation of a firebrand relative to the wind direction. Higher temperatures
are typically required for ignition for a heater parallel to the flow compared to
45° and perpendicular to the flow. This sensitivity is attributed to differences in
recirculation zones and residence times of air and pyrolyzates near the hottest region
of the heater. Thus, predictions of ignition probabilities that consider wind may
need to include both wind speed and orientation to obtain sufficient accuracy.

3. Times to flaming ignition of porous fuel beds are sensitive to the firebrand/heater
angle in the presence of wind. The parallel heater orientation ignites at the longest
time, followed by the 45° case, with the perpendicular cases igniting in the shortest
amount of time. High-speed images indicate that ignition typically occurs in regions
where recirculation zones occur, as shown in CFD calculations. The heightened
propensity to ignition is attributed to increased residence times of pyrolyzates in
the recirculation zones, as supported by calculations.

The conclusions of this work show that ignition is favored when a firebrand(s) land on
a fuel bed under wind speeds and orientations that promote greater residence times of
pyrolyzates near a high-temperature region of firebrands. It was observed that increases
in wind speed, of a magnitude that may commonly occur during wildfires, can increase
the probability of fuel bed ignition from very unlikely to a near certainty regardless of
the ember orientation to the wind. This highlights the increased risk of spot fires due to
ignition of fuel beds that accompanies wind in a wildfire.

7.3 Effect of Fuel Bed Composition on Flaming Ignition Probability

1. Of the six materials tested, only three were able to be ignited below the 750°C
maximum temperature of the firebrand surrogate. Two of the three materials for
which ignition was not observed were bark. The higher ignition threshold of the bark
materials is attributed to higher lignin concentrations. The resistance to ignition
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present in these materials suggest that using materials high in lignin in locations at
risk for firebrand attack in wildfires may reduce ignitions and subsequent losses of
structures. It is acknowledged that these results are for flaming ignition only, and
high lignin materials may pose a significant risk if smoldering or the smoldering to
flaming transition occurs.

2. For Douglas-fir and pine wood, an increase in wind speed decreased the temperature
required for ignition. However, for oak wood, an increase in wind speed inhibited
ignition. Increases in ignition propensity with an increase in wind are attributed
to the formation of recirculation zones near the ignition source. In the case of oak
wood, the formation of recirculation zones inhibits ignition. The root cause of the
dichotomy in ignition trends is unclear; however, differences in the flammability
of pyrolysis products corresponding to changes in chemical composition are most
likely.

3. A direct correlation between the fuel bed composition and the ignition propensity
was not observed. This is attributed to the complexity of biomass pyrolysis. How-
ever, a local minimum ignition threshold near the composition of Douglas-fir wood
is present that warrants further investigation.

The conclusions of this work show that ignition is sensitive to the chemical composition of
fuel beds in both quiescent conditions and under wind. An increase in wind was observed
to increase ignition probability for some materials; however, this was not universally the
case. Materials high in lignin were among the least likely to ignite and more suitable
for placement in areas where firebrands are likely to land or accumulate in a WUI
environment. Further and more targeted analysis of the differences in pyrolysis products
for each material will likely yield further insight.

7.4 Influence of Multiple Firebrands on the Ignition of Fuel Beds

1. Increasing the wind speed lowers the threshold for ignition. However, the magnitude
of the change in ignition threshold is sensitive to the spacing and temperatures of
cartridge heaters used. The ignition threshold may reduce between 20% and 60%
depending on the heater configurations.
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2. At wind speeds of 5.8m/s the ignition threshold is largely independent of thermal
interactions between firebrand surrogates. The lack of sensitivity to inter-firebrand
effects is attributed to the ignition being largely controlled by the fluid dynamics
around the firebrand surrogates. Ignition is largely controlled by the propensity of
pyrolysis products to accumulate and is independent of thermal interactions with
nearby objects, whether they are energy sources or sinks.

3. In low wind conditions (e.g., 0.5m/s), the ignition threshold is more sensitive to ther-
mal interactions between the firebrand surrogates than in higher wind conditions.
For example, when the firebrand was spaced one diameter apart, the difference
between ignition thresholds when the upstream firebrand is inert or an energy
source is 34%. When the firebrand surrogates were spaced such that they did not
thermally interact (five diameters apart), the difference in ignition threshold was
4%. Thus, at low wind speeds or in quiescent conditions, ignition is sensitive to
thermal interactions with nearby objects. Ignition is promoted if nearby objects
supply energy and inhibited if thermal sinks are nearby.

4. In configurations where the firebrand is downstream of a flow obstacle, ignition
may occur via the smoldering to flaming transition. The smoldering to flaming
transition appears to be facilitated by either accumulation of pyrolysis gases in
the downstream edge of the flow obstruction or by the formation of an overhang
as the fuel bed recedes underneath the obstruction. This phenomenon produces
ignition at similar temperatures to other configurations and may not be important
for ignition predictions but may be of interest to smoldering research.

The conclusions of this work show that ignition of a fuel bed is more likely when a
firebrand or firebrand lands on a fuel bed under conditions that promote recirculation
zones near locations where pyrolysis gases are released from the fuel bed. It was observed
that under windy conditions, ignition is less sensitive to nearby embers or inert objects
than at low wind speeds. These observed sensitivities highlight the increased risk of fuel
bed ignition in windy conditions and in cases where firebrands may accumulate in all
wind conditions.
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7.5 Ignition Model

The overall objective of this work is to identify parameters and processes that control the
ignition of a fuel bed when an ember lands on it with an anticipated impact of enabling
the creation of a simplified model that may be used to determine the likelihood of ignition
quickly. A model was created to predict ignition to evaluate the effectiveness of this
work in meeting those goals. The code for the model and the data used for training and
training can be accessed here. The model was then applied to the results of other studies
that utilized different fuel bed materials and ignition sources to determine cross-study
applicability.

After the completion of the experimental efforts outlined in the previous chapters the
results were aggregated into a single dataset containing the results from the 1086 tests
conducted. The parameters included in the model and the corresponding units are as
follows:

• Wind speed (m/s)

• Wind direction relative to longitudinal firebrand axis (°)

• Ratio of characteristic lengths between particle size and ember size (-)

• Chemical composition: mass fractions of Cellulose, Hemicellulose, Lignin, Tannins,
and Triglycerides (-)

• Fuel bed bulk density (kg/m3)

• Fuel bed thermal diffusivity (m2/s)

• Average temperature of the firebrand(s) (°C)

• Number of firebrands (-)

• Spacing between firebrands as multiple of characteristic length (-)

The aggregated data was then used to create a Random Forest Classifier model using
the scikit-learn package in python [88] to estimate ignition outcomes for each test. A
0.75/0.25 test-train split was used for training the models, meaning that 25% of the data
was used to train the model, and the remaining 75% was used to test the model accuracy.

https://github.com/derekb63/ignitionModel.git
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The R2 validation score for the model with an out-of-bag score of 0.83, which means
that the model predicts ignition correctly 80% of the time. While the accuracy of the
model is likely acceptable if such a model was to be used as an indicator or predictor of
ignition during a fire or to inform preventative measures, it would be beneficial to reduce
the number of inputs required. An examination of the most important input parameters
and refinement of the model found that accuracy was not degraded if the number of
parameters was reduced to include only the following variables:

• Average temperature of the firebrands

• Fuel bed bulk density

• Wind speed

• Ratio of characteristic lengths between particle size and ember size

• Wind direction

Reducing the model to include only the five characteristics above maintained the 80%
prediction accuracy. While it is beneficial to have an accurate predictive model for a
single set of experiments in a similar apparatus, a model capable of predictions across
different firebrands, fuel beds, and environmental conditions is far more valuable for
preventing home loss. The model was applied to select studies from the literature to
evaluate the accuracy across studies. The authors and relevant parameters from each
study are shown in Table 7.1. Three of the studies presented in Table 7.1 used hot metal
particles dropped onto fine fuel beds of processed material. The studies by Hadden et al.
and Urban et al. used pure cellulose as the fuel bed, and the study by Zak et al. used a
blend of grasses processed into a powder. The fourth study, conducted by Filkov et al.,
used multiple bark embers of various sizes dropped onto dried but otherwise unprocessed
pine needle duff. A wind direction of 0° was used for the not metal particle studies since
the geometry of the metal particles is anticipated to produce recirculation zones similar
to that of a cylindrical heater parallel to the flow. A wind direction of 45° was used
for the pine bark embers since the embers provided a more significant flow disruption
than the metal particles but were dropped randomly and therefore not considered to be
normal to the flow in all cases. The average temperature was defined as the average
of the initial temperature and ambient temperature for the hot metal particles. More
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sophisticated estimates of the average temperature based on the average time to ignition
and estimated heat losses from the ember were conducted, but the model accuracy was
not improved. Thus, a simpler metric was chosen. The average temperature of the
bark embers was estimated from measurements of similar embers in the literature [94,
113]. The first approach used was to apply a reduced model created from only the data

Table 7.1: Data inputs for the model from selected studies.

Authors T̄ (°C) ρ̄bed (kg/m3) U (m/s) Lp/Le (-) Θwind (°) Citation
Hadden et al. 260 - 560 200 0.5 0.02 - 0.45 0 [39]
Urban et al. 285 - 560 282 0.5 0.06 - 0.25 0 [73]
Zak et al. 310 - 560 338 0.5 0.04 - 0.15 0 [72]

Filkov et al. 407 105 1, 1.5, 2 0.17 - 2.60 45 [93]

generated from studies in this dissertation and predict ignition for each of the studies
in the literature. The accuracy of the model at predicting ignition for other studies was
50%, which is entirely unusable for any type of predictive modeling. However, when the
model was retrained using the same five parameters but including 25% subsets of the
Zak et al. and the Filkov et al. data, in conjunction with the results of this work, the
predictive accuracy increased to 98% for the Zak et al. study, 94% for the Hadden et al.
study, 81% for the Urban et al. study and 74% for the Filkov et al. study. The increase
in accuracy suggests that predictions can be made across differences in experimental
conditions, ember types, and fuel bed types using as few as five parameters. Predictions
across experimental conditions have been one of the biggest hurdles to creating a general
predictive model. Identifying the primary controlling parameters of ignition in this work
has created a framework for bridging the predictive gap across various configurations.
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Chapter 8: Future Work

The results in this work have identified controlling parameters for ignition and provided
a framework for creating models with capabilities to predict various ignition scenarios.
Significant additional work is needed to refine the proposed framework and explore
different ignition parameters.

• The moisture content of the fuel bed was not considered in this work but is a well-
studied parameter that significantly affects ignition. Extension of the experiments
or a meta-analysis of literature is necessary to determine how moisture content fits
into the proposed framework. The change in fuel bed bulk density due to moisture
may sufficiently characterize the difference, but that remains to be seen.

• Additional tests with well-characterized smoldering or flaming embers would sig-
nificantly enhance the knowledge gained in this work. Typical temperatures of
physically combusting firebrands are higher than those capable by the apparatus
used in this work [113]. The higher temperatures may influence the ignition propen-
sity. However, combusting embers are susceptible to heat losses and environmental
factors where the firebrand surrogates used in this work are mainly independent
of these factors. It is unclear how or if the addition of energy sources that react
with the environment will shift the parameters identified to be most influential to
ignition. A series of highly instrumented and controlled experiments focused on the
coupled interactions between a reacting ember, a reacting fuel bed, and changing
environmental conditions would provide novel and valuable insight into ignition
processes. I applaud the patience and perseverance of those who may undertake
this endeavor in the future.

• Relatively limited data is available regarding the thermal properties of porous
biomass media. The lack of available information is likely due to the significant
variation in solid biomass material properties and the endless configurations (e.g.,
porosity and particle orientation) in the natural environment. A series of targeted
studies determining the thermal properties of common fuel bed materials would
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likely increase the understanding of how ignition changes between different materials
or even similar materials under various packing conditions.

• In addition to the limited data available for thermal properties of fuel bed materials,
the chemical composition of materials and the influence of chemical changes on the
pyrolysis and subsequent ignition would provide valuable insight into the differences
in ignition between materials and environmental conditions.



102

Bibliography

[1] N Levin, M Yebra, and S Phinn, “Unveiling the factors responsible for Australia’s
black summer fires of 2019/2020”, Fire 4, 10.3390/fire4030058 (2021) 10.3390/

fire4030058.

[2] JR Marlon, PJ Bartlein, DG Gavin, CJ Long, RS Anderson, CE Briles, KJ Brown,
D Colombaroli, DJ Hallett, MJ Power, EA Scharf, and MK Walsh, “Long-term
perspective on wildfires in the western USA”, Proceedings of the National Academy
of Sciences of the United States of America 109, 535–543 (2012) 10.1073/pnas.

1112839109.

[3] JE Keeley and JG Pausas, “Distinguishing disturbance from perturbations in
fire-prone ecosystems”, International Journal of Wildland Fire, 282–287 (2019)
10.1071/WF18203.

[4] VC Radeloff, DP Helmers, H Anu Kramer, MH Mockrin, PM Alexandre, A Bar-
Massada, V Butsic, TJ Hawbaker, S Martinuzzi, AD Syphard, and SI Stewart,
“Rapid growth of the US wildland-urban interface raises wildfire risk”, Proceedings
of the National Academy of Sciences of the United States of America 115, 3314–
3319 (2018) 10.1073/pnas.1718850115.

[5] RB Hammer, SI Stewart, and VC Radeloff, “Demographic trends, the wildland-
urban interface, and wildfire management”, Society and Natural Resources 22,
777–782 (2009) 10.1080/08941920802714042.

[6] S Suzuki and SL Manzello, “Ignition vulnerabilities of combustibles around houses
to firebrand showers: Further comparison of experiments”, Sustainability (Switzer-
land) 13, 1–14 (2021) 10.3390/su13042136.

[7] SL Manzello, S Suzuki, MJ Gollner, and AC Fernandez-Pello, “Role of firebrand
combustion in large outdoor fire spread”, Progress in Energy and Combustion
Science 76, 100801 (2020) 10.1016/j.pecs.2019.100801.

[8] V Babrauskas, Ignition Handbook (Fire Science Publishers, Issaquah, WA, 2003).

https://doi.org/10.3390/fire4030058
https://doi.org/10.3390/fire4030058
https://doi.org/10.3390/fire4030058
https://doi.org/10.3390/fire4030058
https://doi.org/10.1073/pnas.1112839109
https://doi.org/10.1073/pnas.1112839109
https://doi.org/10.1073/pnas.1112839109
https://doi.org/10.1073/pnas.1112839109
https://doi.org/10.1071/WF18203
https://doi.org/10.1071/WF18203
https://doi.org/10.1073/pnas.1718850115
https://doi.org/10.1073/pnas.1718850115
https://doi.org/10.1073/pnas.1718850115
https://doi.org/10.1073/pnas.1718850115
https://doi.org/10.1080/08941920802714042
https://doi.org/10.1080/08941920802714042
https://doi.org/10.1080/08941920802714042
https://doi.org/10.3390/su13042136
https://doi.org/10.3390/su13042136
https://doi.org/10.3390/su13042136
https://doi.org/10.1016/j.pecs.2019.100801
https://doi.org/10.1016/j.pecs.2019.100801
https://doi.org/10.1016/j.pecs.2019.100801


103

[9] VC Radeloff, DP Helmers, HA Kramer, MH Mockrin, PM Alexandre, A Bar
Massada, V Butsic, TJ Hawbaker, S Martinuzzi, AD Syphard, and SI Stewart, The
1990-2010 wildland-urban interface of the conterminous United States - geospatial
data. 2nd Edition. 2017, https://doi.org/10.2737/RDS-2015-0012-2.

[10] CAL FIRE, Top 20 Most Destructive California Wildfires. 2022.

[11] K Barrett, Wildfires destroy thousands of structures each year, 2020.

[12] AI Filkov, T Ngo, S Matthews, S Telfer, and TD Penman, “Impact of Australia’s
catastrophic 2019/20 bushfire season on communities and environment. Retro-
spective analysis and current trends”, Journal of Safety Science and Resilience 1,
44–56 (2020) 10.1016/j.jnlssr.2020.06.009.

[13] SL Manzello, R Blanchi, MJ Gollner, D Gorham, S McAllister, E Pastor, E Planas,
P Reszka, and S Suzuki, “Summary of workshop large outdoor fires and the built
environment”, Fire Safety Journal 100, 76–92 (2018) 10.1016/j.firesaf.2018.

07.002.

[14] S Suzuki and SL Manzello, “Ignition vulnerabilities of combustibles around houses
to firebrand showers: Further comparison of experiments”, Sustainability (Switzer-
land) 13, 1–14 (2021) 10.3390/su13042136.

[15] WE Mell, SL Manzello, A Maranghides, D Butry, and RG Rehm, “The wildland-
urban interface fire problem - Current approaches and research needs”, Interna-
tional Journal of Wildland Fire 19, 238–251 (2010) 10.1071/WF07131.

[16] SL Manzello, K Almand, E Guillaume, S Vallerent, S Hameury, and T Hakkarainen,
“FORUM position paper: The growing global wildland urban interface (WUI) fire
Dilemma: Priority needs for research”, Fire Safety Journal 100, 64–66 (2018)
10.1016/j.firesaf.2018.07.003.

[17] A Westhaver, Why some homes survived: Learning from the Fort McMurray
wildland/urban interface fire disaster, tech. rep. 56 (Institute for Catastrophic
Loss Reduction, Toronto, 2017), p. 81.

[18] ME Roberts, AA Rawlinson, and Z Wang, “Ember risk modelling for improved
wildfire risk management in the peri-urban fringes”, Environmental Modelling and
Software 138, 104956 (2021) 10.1016/j.envsoft.2020.104956.

https://doi.org/https://doi.org/10.2737/RDS-2015-0012-2
https://doi.org/10.1016/j.jnlssr.2020.06.009
https://doi.org/10.1016/j.jnlssr.2020.06.009
https://doi.org/10.1016/j.jnlssr.2020.06.009
https://doi.org/10.1016/j.firesaf.2018.07.002
https://doi.org/10.1016/j.firesaf.2018.07.002
https://doi.org/10.1016/j.firesaf.2018.07.002
https://doi.org/10.3390/su13042136
https://doi.org/10.3390/su13042136
https://doi.org/10.3390/su13042136
https://doi.org/10.1071/WF07131
https://doi.org/10.1071/WF07131
https://doi.org/10.1071/WF07131
https://doi.org/10.1016/j.firesaf.2018.07.003
https://doi.org/10.1016/j.firesaf.2018.07.003
https://doi.org/10.1016/j.envsoft.2020.104956
https://doi.org/10.1016/j.envsoft.2020.104956
https://doi.org/10.1016/j.envsoft.2020.104956


104

[19] A Maranghides and W Mell, “A Case Study of a Community Affected by the
Witch and Guejito Wildland Fires”, Fire Technology 47, 379–420 (2011) 10 .

1007/s10694-010-0164-y.

[20] AD Syphard and JE Keeley, “Factors Associated with Structure Loss in the 2013
– 2018 California Wildfires”, Fire 2, 1–15 (2019).

[21] TR Hudson, RB Bray, DL Blunck, W Page, and B Butler, “Effects of fuel morphol-
ogy on ember generation characteristics at the tree scale”, International Journal
of Wildland Fire 29, 1042–1051 (2020) 10.1071/WF19182.

[22] S Adusumilli, JE Chaplen, and DL Blunck, “Firebrand Generation Rates at the
Source for Trees and a Shrub”, Frontiers in Mechanical Engineering 7, 1–13 (2021)
10.3389/fmech.2021.655593.

[23] N Sardoy, JL Consalvi, B Porterie, and AC Fernandez-Pello, “Modeling transport
and combustion of firebrands from burning trees”, Combustion and Flame 150,
151–169 (2007) 10.1016/j.combustflame.2007.04.008.

[24] Matvienko, O V A, Filkov, A I, and A Grishin, “Computational investigation of the
transport of burning particles”, Journal of Engineering Physics and Thermophysics
89, 1315–1324 (2016).

[25] S Suzuki and SL Manzello, “Role of accumulation for ignition of fuel beds by
firebrands”, Applications in Energy and Combustion Science 1-4, 100002 (2020)
10.1016/j.jaecs.2020.100002.

[26] S Suzuki and S Manzello, “Experimental investigation of firebrand accumulation
zones in front of obstacles”, Fire Safety Journal 94, 1–7 (2017) 10 . 1016 / j .

firesaf.2017.08.007.

[27] S Suzuki, SL Manzello, K Kagiya, J Suzuki, and Y Hayashi, “Ignition of Mulch
Beds Exposed to Continuous Wind-Driven Firebrand Showers”, Fire Technology
51, 905–922 (2015) 10.1007/s10694-014-0425-2.

[28] AC Fernandez-Pello, “Wildland fire spot ignition by sparks and firebrands”, Fire
Safety Journal 91, 2–10 (2017) 10.1016/j.firesaf.2017.04.040.

https://doi.org/10.1007/s10694-010-0164-y
https://doi.org/10.1007/s10694-010-0164-y
https://doi.org/10.1007/s10694-010-0164-y
https://doi.org/10.1071/WF19182
https://doi.org/10.1071/WF19182
https://doi.org/10.1071/WF19182
https://doi.org/10.3389/fmech.2021.655593
https://doi.org/10.3389/fmech.2021.655593
https://doi.org/10.1016/j.combustflame.2007.04.008
https://doi.org/10.1016/j.combustflame.2007.04.008
https://doi.org/10.1016/j.combustflame.2007.04.008
https://doi.org/10.1016/j.jaecs.2020.100002
https://doi.org/10.1016/j.jaecs.2020.100002
https://doi.org/10.1016/j.firesaf.2017.08.007
https://doi.org/10.1016/j.firesaf.2017.08.007
https://doi.org/10.1016/j.firesaf.2017.08.007
https://doi.org/10.1007/s10694-014-0425-2
https://doi.org/10.1007/s10694-014-0425-2
https://doi.org/10.1007/s10694-014-0425-2
https://doi.org/10.1016/j.firesaf.2017.04.040
https://doi.org/10.1016/j.firesaf.2017.04.040
https://doi.org/10.1016/j.firesaf.2017.04.040


105

[29] S Suzuki and SL Manzello, “Garnering understanding into complex firebrand
generation processes from large outdoor fires using simplistic laboratory-scale
experimental methodologies”, Fuel 267, 117154 (2020) 10.1016/j.fuel.2020.

117154.

[30] TE Waterman, Experiemntal Study of Firebrand Generation, tech. rep. (Engineer-
ing Mechanics Division IIT Research Institute, Chicago, Il, 1969), pp. 1–36.

[31] PFM Ellis, “Fuelbed ignition potential and bark morphology explain the notoriety
of the eucalypt messmate ’stringybark’ for intense spotting”, International Journal
of Wildland Fire 20, 897–907 (2011) 10.1071/WF10052.

[32] PF Ellis, “The likelihood of ignition of dry-eucalypt forest litter by firebrands”,
International Journal of Wildland Fire 24, 225–235 (2015) 10.1071/WF14048.

[33] A Ganteaume, C Lampin-Maillet, M Guijarro, C Hernando, M Jappiot, T Fonturbel,
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