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Foreword I

The field of wildland fire science is more complex than one may think. Not only
must one know the intimate details of combustion science and fire behavior, but that
knowledge must then be interpreted in the context of fire ecology and wildland fuel
dynamics. Many believe that this extremely wide continuum of topics needed to
understand wildland fire sciences only spans chemistry, combustion physics, heat
transfer, fuel moisture dynamics, smoke transport, emissions, climate, weather, and
wind for fire behavior. But, the really important topics critical to wildland fire
science are those that cover the full breadth of ecology, such as phenology, eco-
physiology, and morphology. It is fire ecology that gives us the deep understanding
needed for solving the myriad problems in fire behavior and subsequently fire
management. To further complicate matters, each of these diverse wildland fire
disciplines, whether it be fire behavior or ecology, includes intrinsic hierarchically
nested time and space scales that overlap and interact. Fuel moisture, for example,
depends on both knowledge of the water diffusion process (dead biomass) and plant
phenology (live biomass) at the plant, community, stand, and landscape scales.

I have studied fire and its ecology for over 30 years at the Missoula Fire Sciences
Laboratory in Montana, USA, and I have found that this “soup to nuts” coverage of
wildland fire science is rare in the diverse books that have been written on the
subject. Too often, the complexity of fire science precludes comprehensive coverage
of all relevant topics; most authors tend to cover only those areas in which they have
the greatest knowledge or the topics that are the most studied. Some books, for
example, are quite detailed in their description of fire physics but totally over-
generalize wildland fuel dynamics. Others focus on fire ecology without a compre-
hensive coverage of the elements of fire behavior. Some fire behavior books tend to
focus only on the physics of combustion and ignore fuel moisture dynamics. This is
important because over-generalizing some wildland fire science topics breeds bias in
scientific study and fire management approaches. Wildland fuels, for example, were
historically described using fire behavior fuel models—an abstraction supposed to
represent expected fire behavior. Today, we use more comprehensive classifications
of fuels to describe and communicate, and to use as inputs to models.

vii



viii Foreword 1

This textbook, in three parts, appears one of the few that provides the broad
spectrum of coverage across all subjects that are needed to fully understand the
dynamics of wildland fire science. In the introduction, the authors provide a detailed
overview of wildland fire science that introduces the reader to the book and its
subjects. Then in Part I, we learn of fine-scale dynamics of fire chemistry and the
reactions that lead to ignition processes, especially the concept of flammability
(Chap. 1). I especially liked the addition of moisture dynamics related to ignition
processes. Combustion processes are covered from the breaking of chemical bonds
to the heat of combustion along various pyrolysis pathways. In the next chapter
(Chap. 2) we learn about how this chemistry and pyrolysis eventually result in
smoke, and in Chap. 3 we learn how the breaking of chemical bonds generates
heat, specifically the heat of combustion, along the pyrolysis highways. I especially
was grateful for the coverage of char creation in combustion because char is now a
major carbon pathway in fire ecology. Then in Chap. 4 we learn of the pre-ignition
processes, requirements for ignition, and the breakdown of fuels to release the
volatile gases using a wonderful example. And last, in Chap. 5, we move out of
the sphere of chemistry and on to physics and heat transfer, where the four primary
modes are introduced—convection, radiation, conduction, and mass transport—
replete with equations, interpretations, and examples. Readers should have a won-
derful grasp on the mechanistic processes that govern combustion science.

In Part II, we move up in scale from the fine-scale dynamics of combustion to
fuels, fire behavior, and fire effects. The descriptors of fuels and fire behavior are
covered in Chap. 6 including the components of a fuelbed, physical fuel character-
istics, and fuel classifications. A mélange of fuel characteristics are presented but
most are used for fire behavior prediction. Missing are the important ecological
processes that control these characteristics, but they are described in later chapters.
The five phases of fire spread are then discussed in Chap. 7 from fire geometry to
acceleration. Fire propagation has always been important to fire management
because of its influence on fire safety, but it is also one of the most difficult to
predict of all fire behavior processes. The chapter also includes fire growth and
two-dimensional spread. Then, unlike many other wildland fire books, there is a
chapter on extreme fire behavior (Chap. 8), which is becoming incredibly important
in fire management because it results in our greatest social and biological impacts.
There is a wonderful treatment of large fires and their consequences. Crown fires are
covered in this chapter in great detail with great reverence to Charlie van Wagner,
the pope of crown fire behavior and effects. I especially like the inclusion of canopy
moisture dynamics in crown fire spread and the thorough treatment of firebrands and
embers and their lofting and dispersal, along with other major topics in this exhaus-
tive chapter. Since I am a fire ecologist, I was finally rewarded with a delightful
chapter (Chap. 9) on fire effects on plants, soils, and animals. A boatload of
information was synthesized in this chapter from fire effects on plant stems, seeds,
and roots; a comprehensive review of fire and soil heating; and animal responses
to fire. Another novel addition in this book is the coverage of contemporary society
and its role in fire science (Chap. 10). Protecting people and homes from heat and
smoke is the primary thrust of this chapter, including such diverse topics of safe
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zones, smoke inhalation, the wildland-urban interface, and impacts on ecosystem
services. | appreciated the juxtaposition of the costs and effects of fire
suppression vs. benefits gained from society by suppression. Societal and ecosystem
resilience to fire impacts is also presented in this chapter.

In Part III, we learn about wildland fire science at landscape scales and how to
manage fuels and fire across all relevant scales. In Chap. 11, we find out what drives
fuel dynamics and how these fuels can be appropriately managed over time. It is in
Chap. 12 where this book separates itself from most of the others. Fire regimes and
their measurements are covered first; fire regimes are spatio-temporal expressions of
fire and many feel that this is a very complicated subject because fire regimes are
created by the complex interactions of vegetation, fuels, climate, topography, and
ignitions. The authors delved into ways that fire regime information can be inte-
grated into management using concepts of historical ranges of variability, refugia,
and self-organized criticality. This is very useful information for planning and
implementing various treatments, which are then covered in the next chapters.
Integrated landscape fire management is discussed in detail in Chap. 13 using
various examples and case studies. Objectives for integrated fire management are
covered (e.g., biodiversity, fuel reduction) along with the tools needed for
implementing actions (e.g., prescribed fires).

The book ends with a look to the future. Chapter 14 covers climate change, global
change, development, exotics, and a variety of other issues facing fire management.
Included in this chapter is a very timely treatment of the Australian fire season of
2019-2020 and its importance to global fire. Also covered in this chapter are nascent
technologies that will serve to advance fire science across the globe including new
remote sensing platforms, LiDAR, wireless networks, big data, and simulation
models. New education and integrated approaches to fire science are also discussed.

There are four underlying themes embedded in this book that, in my opinion, set it
apart from many other fire books. First is the concept of integration—everything in
fire science must be integrated to reach the fullest potential from designing fuel
treatments to building models, to managing fire. This book does a great job of
emphasizing integration in fire sciences. Next is the concept of scale. Scale issues
are uniquely highlighted across all pages of this book from chemical bonds to heat
transfer to fuel ignition to fire spread to stand conditions to landscape processes.
Third, the authors have integrated the anthropologic influences on wildland fire
science including human ignitions, health concerns, community resilience, and
historical peoples and their use of fire. And last is the concept of “learn by doing,”
where there are useful examples, case studies, and, most importantly, spreadsheets to
understand the content of this book. I thoroughly enjoyed this book and feel it is
destined to be a solid reference for wildland fire scientists and managers and a
textbook for all students studying fire.

Missoula, MT, USA Bob Keane
April 2021
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Fire management practice has been dominated by developing country reactions to
fires, with a focus on damaging wildfires. This has stimulated and established a long
and deep body of research and operational practice that middle income and wealthy
nations have benefitted from. Bringing that knowledge together in one place is an
enormous and sustained effort, undertaken by four highly experienced and esteemed
members of the fire community. It is timely and very very welcome.

As reflected in this book, fires have been used by humans for millennia and play a
critical role in many ecosystems. People are the cause of ~90% of fires globally
through a combination of limited access to alternative approaches to fire, poor
practice, accidents, weak understanding of fire risk, machinery, negligence, and
carelessness. In developing countries the dominant factor in fires starting is the
need to use fire as a tool where there are no viable alternatives to the use of fire
for hunting, favoring preferred plants for food or fiber, clearing for agriculture and
grazing, easing travel, and controlling pests, all of which continue today.

For that context, and also for developed countries, where fires are damaging, they
are a landscape problem. They are not a problem resulting only from insufficient or
inadequate means of suppression but also from the situation of fuel continuity and
accumulation of fuels from vegetation, human activities, and sources of ignition. The
solution is resilient landscapes that balance the hazards, reduce fire risks, and can be
sustained. This is Integrated Fire Management, a key chapter in this book. Under-
pinning that is the need to understand fire, fuels, and landscapes starting from the
fundamentals; something this book provides well.

Key to successfully integrating ecology, society, and fire management with
methods and technologies is an effective analysis of the situation. What is the
ecological role and impact of fire; the social, cultural, and economic context; who
is starting fires and why; what are the characteristics of the fuels in the area and how
does fire behave in them under different burning conditions; and what other factors
or threats are exacerbating the fire problem, such as land tenure, illegal logging,
invasive species, or climate change?

xi
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In working and collaborating with colleagues, agencies, students, and interested
fire and land management staff in developing countries on all continents, there has
always been a problem when they request texts, information, and guidance to
improve their understanding of fire management.

Sound practice in fire management has been well documented but mainly focused
on descriptions of needs, requirements, and approaches for readiness to fight fires
and fire suppression that date from 1953 by FAO. There are reference books on fire
management that present the thinking and approach to a suite of fire management
topics. The material that underpins a sound understanding of fire management
tended to be scattered among key texts, and studying it required access to a series
of books, most of which pre-date the digital era and nearly all of which are out of
print. Not all topics were set down well or completely; where the physical was well
covered the ecology may not be and where ecology was covered people were not.

Obtaining the knowledge of science, process, and systems that provide the basis
for this sort of analysis is not simple or easy and requires access and time to a
multitude of reference materials and the time to process them. This book brings this
together, first fire as a chemical and physical process; then fuels, fire behavior, and
effects followed by managing fuels, fires, and landscapes. That the chapters set out
learning outcomes and in many cases are accompanied by interactive spreadsheets
reinforces the concepts and deepens understanding of processes, inputs, and
outcomes.

Having these four experienced fire sector actors create that all in one place is a
wonderful contribution. I very much look forward to directing interested parties to a
single volume that covers chemistry, physics, fuels, fire behavior, managing fuels,
and landscapes, rather than a pile of sections in multiple texts.

My congratulations to Francisco Castro Rego, Penelope Morgan, Paulo
Fernandes, and Chad Hoffman on the book and deep thanks for its preparation. It
will have an important place in informing and educating fire managers, students, and
interested individuals with particular value for those in developing countries.

Rome, Italy Peter Moore
April 2021
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Introduction

Photograph by Kari Greer

Why We Wrote This Book

We are fascinated by fires, their power, and their beauty, and by peoples’ attitudes
about fires. We love to teach about fires and to learn about fires from the observing
fires themselves, and the many conversations, science, and stories about fires. Like
all humans, we are fire people.
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Globally, almost every place has a fire history, reflecting the fire environment in
which we live. Globally, many fires have and will occur. Some will be large, and
both flames and smoke will affect people. Fires shaped and will continue to shape
ecosystems, with substantial implications for people and nature. Science can help
inform the challenging complexities of fire-related issues today, including global
change, escalating firefighting costs, threats to people and property, ecological
values, and impacts of fire. As we adapt, we will shape future fires and smoke, as
well as the ecosystems and ecosystem services that are influenced by fires. We must
grapple with the ecological imperative of fire and manage ways to live with and
use fire.

Fire is a good servant and a bad master (one of our favorite proverbs). Because
fire has an essential and pervasive influence in forests, woodlands, shrublands, and
grasslands, many plants and animals have evolved with fire. Many species are
dependent on fire or similar disturbances to survive and thrive. Fires have so shaped
vegetation that Bond and Keeley (2005) described fires as global herbivores in many
ecosystems, for the vegetation biomass present is far less than the biomass expected
based on climate and site productivity alone. Fires have shaped the structure,
composition, and diversity of vegetation (Fig. 1). The ecological roles of fire include
rejuvenating habitats by consuming live and dead vegetation, releasing nutrients and
space for new growth, and favoring some plants and other life over others, adding to
landscape composition. Because fires burn differently from place to place, fires can
foster biodiversity at multiple scales. Thus, fire is central to life on Earth (Fig. 2).
However, fires can also threaten people, their property, and ecosystem services they
value. Ever since humans first used fire, humans have used fire to manage vegetation
and for many other cultural purposes. Humans can use and manage fires to get more
of the positive benefits and fewer negative outcomes when areas burn.

Fire is many things. For us, fire is the manifestation of coupled human-natural
systems. For example, where there is fire there is smoke. The particulates in smoke
pose a health hazard to people while also affecting visibility. Concerns about
protecting people and property from fires are often disincentives to reintroducing
fire and yet our path forward needs to embrace fire to create resilience and lower fuel
loads and potential future smoke impacts. It is a paradox that the more we suppress
fires, the more intensely the next fire will likely burn as fuels accumulate, and the
subsequent fires will likely produce more particulates. Another example is how fire
is often an agent of climate change. Climate influences many aspects of where and
how fires burn, and then how vegetation responds, and in some areas that have
recently become too hot and dry, forests are not regenerating after fires. Without fire,
the transition from forest to shrublands, woodlands, or grasslands might happen
more slowly. However, many trees and other plants are more likely to survive fires if
the area burned in a prior fire that thinned vegetation, consumed biomass and fuels,
and stimulated plants and nutrient cycles.

Fire science has made major strides forward in the last few decades—just in time
to face the many fire challenges and opportunities ahead. We draw upon the many
different ideas from global fire science. We have learned much about fire behavior,
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Fig. 1 Fire has implications across multiple scales in time and space, for the heat of fire travels up
into the air, down into the earth, and across space and time to influence almost all terrestrial
landscapes. Certainly fire is central to vegetation management and to many of the ecosystem
services people care about. Fire is part of social-ecological systems

more recently about the ecological effects of fire, and even more recently how fire
and smoke affect people and respond to social, political, and economic conditions.
Still, we struggle to clearly connect fire behavior to fire effects. Part of the challenge
is fire metrology (Kremens et al. 2010), as we seldom have spatially and temporally
coincident measurements of before, during, and after fires. Without that, fire ecology
is severely limited because we often don’t know what was present before fires and
how they burned and how that legacy influences the vegetation response that fire
ecologists are trying to understand and predict.

Humans are fire species. We have used fire almost as long as humans have been
able to walk (Fig. 2). Humans need fire. At the same time, people have changed both
fires and the environment greatly, enough so that we are now in the Anthropocene.
Many fires are burning in novel environmental conditions.
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Fig. 2 Fires have been part of the Earth’s system for millennia. Fires have shaped and responded to
the atmospheric oxygen essential to combustion, and vegetation provides the fuels when the climate
is conducive to fire spread. While lightning ignites fires, globally it is humans who shape when and
where and how fires burn. (From Bowman et al. 2009)

How This Book Is Organized

This book has three parts. Each of these can be read independently of the others, but
they are designed to build logically from one to the other. Thus, the book is
organized around the fire triangles at different scales (Fig. 3).

* Part I focuses on combustion and heat transfer processes. The first two chapters
are chemistry-based, as they cover the chemical conditions required for ignition
and combustion as a chemical reaction with implications for smoke. The follow-
ing three chapters focus on the production of heat through combustion, the heat
required for pre-ignition and flames, and the physical processes by which that
heat transfers away from fires.

e Part II addresses fuels, fire behavior, and effects. We start with fuel and fire
behavior descriptors and then address how fires propagate. What makes some
fires extreme? We address fire effects on plants, soils, and animals in ecosystems
from all over the Earth. The ways fire affects people and people affect fires are
covered in one chapter. By necessity, the chapters in Part II are longer and have
fewer equations. We also emphasize more applications and implications.

¢ In Part III, we address managing fuels, fires, and landscapes. This part begins with
a chapter on fuels dynamics and management. Our discussion of fire regimes and
landscape dynamics leads us to examples of landscape management. We cover
integrated fire management with examples from all around the world. We use
eight global success stories as case studies, and then we discuss lessons learned.
In our last chapter, we discuss the trends globally that are influencing fires and
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Fig. 3 Fire triangles illustrate how this book is organized. Different temporal and spatial scales are
associated with different fire and heat variables. These triangles are nested within each other
showing that all fire characteristics are related and interdependent

their effects now and in the future. We especially focus on social trends, fire
science trends, and the implications for education and training about fires. These
trends all pose both challenges and opportunities for the future.

Every chapter includes learning outcomes to help guide you. All of the references
cited in the text are listed at the end of each chapter. In lieu of a glossary, terms are
defined in the text, often with examples that provide valuable context for under-
standing. The index will guide readers to where key terms are discussed in detail and
used in examples.

Our book is about both fire behavior and fire effects AND how they are linked.
We hope it will inform integrated fire management. This is not a book about
firefighting and suppression and their related activities such as ignition control, fire
detection, or the organization of fire management. We include prescribed burning
and other fire management strategies, as well as relevant social science. The straight-
forward learning path incorporates multiple fire models and links them to historical
fires as case studies, and practical, current applications. Our approach is strongly
process-based, comprehensive, and quantitative. We provide interactive spread-
sheets that our students have found valuable for learning and understanding without
requiring that students program the models. Change the inputs and immediately see
how the graphical display of the outputs changes. This problem-solving approach
with practical applications makes the science approachable. Case studies and many
examples enable learners at multiple levels. We envision this book as useful to
students in undergraduate courses at the middle to upper levels, in graduate classes,
and for learners who are practitioners. In short, this book is for anyone who wants to
learn more about wildland fires. Parts can be readily incorporated into professional
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training courses. Indeed, we draw upon all we have learned from and with practi-
tioners of fire. Throughout this book, we emphasize the logical progression of ideas.
We quickly build from concepts to engaging applications from around the world to
ground the concepts in reality. We are honest about the many challenges and
heartened by the many different solutions people have developed. The text is
designed to be engaging, highly relevant to students and practitioners of wildland
fire science and applications, and readable by any student of fire.

Why We Need to Live With and Use Fire Now

Society faces many fire challenges today and in the future, including many large fires
that threaten people and property, smoke that poses a health hazard, and fire seasons
around the globe that are almost 20% longer than they were three decades ago. At the
same time, fire is used to suppress fires, and in the conservation of wildlife habitat,
livestock grazing, fuels management, and ecological restoration. To live with fire as
a good servant, rather than a bad master, we must understand it. Understanding is
critical to forecasting the implications of global change for fires and their effects. Fire
science has burgeoned and technology is rapidly changing, and we will need to adapt
as the world itself is rapidly changing.

Addressing the fire challenges of today and tomorrow will require engaging with
fire. This is more than living with or coexisting with fire, for we must also embrace
fire in all the complex ways in which fire, people, and environments interact.
Throughout our book, we emphasize concepts and encourage critical thinking
central to being innovative and effective.

As we were writing this book, wildfires were burning worldwide with conse-
quences that should concern all people. Examples follow. With 20 million ha burned
in Siberia (Alberts 2020), climate change is favoring fires that in turn advance
changing climate in this and other far northern regions. Some of the 18.6 million
ha burned in Australia in 2020 (See section 14.2.3) burned in ecosystems not well
adapted to fires, suggesting that fires will burn in novel ways in novel places in the
future. In the Amazon and elsewhere, land use and people have contributed to
extensive and numerous fires that have threatened and displaced many Indigenous
people and animals. Many people were evacuated and came back to burned homes
when more than 2.3 million ha burned in 2020 in California, Oregon, and Wash-
ington (Whang and Maggiocomo 2020) with more elsewhere in the western USA.
Many millions of hectares burned in Indonesia with smoke visible from space. The
smoke from these and other fires blanketed cities and threatened peoples’ health.
Globally, the fire season has lengthened by almost 20% in the last three decades
(Jolly et al. 2015) with warmer droughts. Societal costs are high, including both the
direct costs of suppression and the ecosystem services that are affected. The fires
highlight and make more imperative the need for society to understand and find ways
to live well with fire. Understanding fire behavior and effects well can inform
innovative, integrated fire management to increase the positive effects of fire (fuel
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Fig. 4 Burned areas in (a) Siberia, (b) California, Washington, and Oregon in the USA, (c) the
Amazonian region of Bolivia, Brazil, and Paraguay, and (d) Indonesia between October 2019 and
October 2020. Maps of burned areas (red) interpreted from MODIS and VIIRS NRT satellite
imagery as part of the Global Wildfire Information System, https://gwis.jrc.ec.europa.eu/static/
gwis_current_situation/public/index.html

reduction, enhanced habitat for many plants and animals, key ecosystem services
increased) while reducing the negative impacts of fire (loss of human lives, smoke
emissions that threaten human health, carbon emissions that threaten global health,
etc.). We hope readers of our book will learn where and how fire can be a good
servant rather than a bad master. The ideas in our book become more relevant with
every fire and with every discussion about fire and fuels policy.

We wrote this for all of you who are students of fire. Some will seek the basic
concepts, while others will read for the linkages between concepts and applications.
All of the chapters include examples, with colorful and meaningful figures. We have
taught fire science in leading international fire education programs, and we have
communicated with fire professionals and other people affected by fires. The core
content for this book, including case studies and interactive spreadsheets for illus-
trating and comparing tools, has been used in teaching applied fire science courses at
the University of Idaho and Colorado State University in the USA, and Instituto
Superior de Agronomia and Universidade de Tras-os-Montes e Alto Douro, in
Lisbon and Vila Real in Portugal, as well as in many training programs for pro-
fessionals. We draw from experience successfully teaching these key concepts and
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applications. Our examples come from forests, grasslands, and woodlands from
around the world—these case studies make the science relevant and meaningful.

We hope that you too will find beauty, possibility, and the means to make a
difference in fires.
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Power of the fire (MW)

Heat flux by conduction between two surfaces (W mfz)

Convective heat flux (W m2)

Radiative heat flux received at a surface (W m 2, kW m™2)

Heat supply (J g~ 1)

Heat for the separation of bound water from the fuel (J gfl)

Heat to increase the temperature of dry fuel to ignition (J g~ ')

Heat for pre-ignition (J g~ ')

Heat to change fuel moisture to water vapor at ignition temperature
dg™h

Heat to change liquid water in fuel to water vapor (J g~ ')

Heat to increase temperature of water vapor from fuel to ignition
Jgh
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Part 1
Combustion and Heat Transfer Processes

Photograph by Kari Greer

Fire is a rapid exothermic chemical reaction, called combustion, between a fuel and
an oxidant that results in the release of energy and a variety of chemical products
termed emissions. Because this reaction results in the release of energy, we call it an
exothermic reaction. Chemical reactions that require heat energy are termed endo-
thermic. When there is an ignition, three elements in the right proportions are
necessary for combustion: fuel, heat, and oxygen. For combustion to occur, the
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Fig. 1.1 The combustion triangle with fuel (here as atoms and compounds), oxygen, and heat, from
ignition to heat transfer, which are all necessary elements for fires to burn. This triangle is the first in
the nested triangles for other temporal and spatial scales

fuel must be heated to its ignition temperature and mixed with an oxidant at a
sufficient concentration. The need for all three elements to occur is commonly
represented in the fire triangle (Fig. I.1). The heat released during combustion
sustains the combustion reaction.

Michael Faraday presented one of the earliest scientific explanations of the
various processes involved in combustion (Fig. [.2). In 1861, he published his course
of six lectures on the “Chemical History of a Candle” delivered at the Royal
Institution of Great Britain. As Faraday indicated, “there is no better, there is no
more open door by which you can enter into the study of natural philosophy than by
considering the physical phenomena of a candle. There is not a law under which any
part of this universe is governed, which does not come into play, and is not touched
upon, in these phenomena.”

The main processes occurring during fires are similar to those of a burning candle
(Fig. 1.3). In a candle’s flame, fire is sustained by continuous inputs of air and
flammable gases that are produced from the volatilization of solid fuel itself contin-
uously heated by radiation from the flame. During the process, part of the heat
generated in combustion is lost, and combustion products go upwards to the
atmosphere in convection currents.

In vegetation fires, the combustion processes are similar. Before vegetation fuels
can ignite, they must first be dried and be heated enough that thermal degradation
occurs (this is called pyrolysis) to release volatile gases. As long as there is enough
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Fig. 1.2 The British
scientist Michael Faraday
(1791-1867) author of the
book on “The Chemical
History of a Candle”.
(Photograph by John
Watkins)
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Fig. 1.4 Combustion is central to sustained burning. Combustion is initiated by heating fuels until
they release flammable gases that can then ignite and burn to release combustion products and heat.
Part of the heat generated in the combustion process is used in the preignition of unburned fuels.
Heat is also transferred into soil, air, and space

heat, flaming combustion can occur, then smoldering combustion as the oxidation of
fuels slows, and eventually extinction. During flaming and smoldering combustion,
fuel and oxygen combine in the combustion reaction to generate combustion prod-
ucts, including heat. The main elements and processes occurring in fires are shown in
Fig. 1.4.

In Chap. 1-5 of our book, Fire science from chemistry to landscape management,
the subsequent chapters, we use this model (Fig. [.4) to understand the functioning of
the system based on the principles of chemistry, conservation of matter, and con-
servation of energy. We will show:

* the mixtures of flammable gases and air that allow conditions for ignition

* how the chemical composition of fuels and air supply determine the products of
combustion, emissions, and smoke

e how heat is produced from the combustion reaction

* what are the heat requirements for pre-ignition and flames

¢ how heat is transferred from the combustion zone

In each of the following chapters, different processes within this general model
are shown and illustrated. All of them are at play in fires, whether small or large.
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Chapter 1 ®)
Chemical Conditions for Ignition S

Learning Outcomes
Upon completion of this chapter, you will be able to:

1. Understand how pyrolysis results in the production of volatile gases from
solid fuels as they are heated,

2. Describe the relative importance of the factors influencing ignitability,
including the lower and upper limits of flammability and ignition
temperatures, and

3. Understand the difference between ignitability and flammability of wild-
land fuels.

1.1 What Conditions Are Required for Ignition?

In this chapter, we discuss the ignition of wildland fuels and describe the factors that
influence when and how fuels ignite (Fig. 1.1). For a fire to occur, the organic matter
must first be converted to flammable gases which then ignite. During this process,
fuels are heated enough to drive off moisture so the fuels are dry enough to burn. As
fuel is heated, volatile compounds in the fuel become flammable gases, and it is
those gases that burn when there is enough oxygen. Thus, we need heat, fuel, and
oxygen, the three elements of the Fire Triangle for combustion (See Part II over-
view). In this chapter, we focus on how fuel chemistry influences ignition, given
there is a heat source. This initial heat source can be lightning, matches, embers,
flames, or another source of pilot ignition. In subsequent chapters, we will describe
processes of fire, including pyrolysis, and then both flaming and smoldering
combustion.
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Air

Combustion Pilot ignition

Fig. 1.1 The components of the process involved in the ignition and the start of the combustion
process within our global conceptual model. Before combustion can occur, fuels have to release
flammable gases (through pyrolysis) and moisture (through dehydration)

Why are some fuels more flammable than others? Mutch (1970) hypothesized
that some plants evolved to be flammable in order to be more competitive. The
results of scientific evaluations of that hypothesis are mixed, but it makes for great
discussions. The volatile oils that make some plants more flammable also play an
essential role in mediating plant function and ecological interactions, including
influencing drought and herbivory resistance.

1.2 Ignitability and Flammability

For a fire to start, we need heat from an ignition source. Ignition sources could be
lightning, embers, matches, downed electrical powerlines, and many other sources
associated with human-related causes. People commonly ignite fires, sometimes
purposefully and sometimes accidentally. Powerlines can ignite fires when trees
fall on them, or when highly charged wires touch one another, or the lines fall onto
the ground as the result of a storm or other disturbance. Sometimes, fires are ignited
by embers from another fire. Most of the ignition sources responsible for fires result
in piloted ignition. That is when the energy required for the ignition of the flammable
gases is supplied by an external source such as a flame. The spatial and temporal
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variability in ignition sources, along with climate and vegetation, are the major
factors controlling the pattern of fires over space and time. See the discussion of fire
regimes in Chap. 12.

Before fuels can ignite, they go through a pre-ignition phase that removes water
from the fuel through dehydration and converts the solid fuel to flammable gases
through a process called pyrolysis (Fig. 1.1). Pyrolysis, a word that originates from
the Greek words “pyro” (fire) and “lysis” (separation), can be simply defined as the
thermal degradation of solid fuel. A flame, by definition, is a combustion reaction
where both the fuel and oxidant are in a gaseous phase. To burn in either smoldering
or flaming combustion, solid fuels must be exposed to enough heat such that the
water is dehydrated and the solid fuel goes through chemical decomposition by
thermal degradation (pyrolysis) to release volatile gases that are then combusted
when mixed with oxygen at the correct proportion. See Chap. 2 for more on
pyrolysis and the chemistry of combustion.

The concepts of flammability and ignitability are often used interchangeably to
describe the ease with which fuel is combusted. However, special attention should be
given to their definitions. Although both terms are used to refer to the general ability
of that substance to burn (Anderson 1970), flammability consists of multiple metrics
that quantify not just the ease of ignition but also the behavior of the fire once
ignited. For example, some definitions of flammability also consider sustainability
(how well combustion will continue), and combustibility (velocity or intensity of
combustion) (Anderson 1970). We define ignitability as the ability of a fuel to ignite
and produce flames. Ignitability can be estimated based on the time needed for
ignition or the probability of ignition given a heat source.

1.3 Ignitability Limits

Combustion is a rapid exothermic chemical reaction between a fuel, such as gases
produced during pyrolysis of wood, and an oxidant, such as the oxygen in the
atmosphere. However, the chemical properties of the gases involved in combustion
can significantly influence their ease of ignition and flame properties.

Two concepts are central to the ignitability of different substances. Auto-ignition
temperature which is the temperature at which a substance may ignite without an
external ignition source and pilot-ignition temperature which is the temperature at
which a substance or mixture may ignite when exposed to an ignition source.
Reference values for the auto and pilot ignition temperatures of various fuels are
shown in Table 1.1.

The lower the ignition temperature, the easier a fuel can ignite. However, ignition
not only depends upon temperature but also upon the relative concentration of fuel
and oxygen. The upper and lower bounds of these concentrations are referred to as
the flammability limits (or explosive limits). The lower flammability limit (LFL) of a
gas is the concentration threshold below which the mixture of fuel and air is too lean
(lacks sufficient fuel) to burn. The upper flammability limit (UFL) of a fuel is the
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concentration threshold above which the mixture is too rich in fuel (deficient in
oxygen) to burn. The lower and upper flammability limits (LFL and UFL) for
common compounds are shown in Table 1.1.

The upper and lower flammability limits can be reported as either a percentage
(%) or as a mass per unit volume (g m ). The lower flammability limit as a percent
can be converted to mass per unit volume through Eq. (1.1).

_ LFL(%)) Molar weight (g mol™")
LFL 3N = X 1.1
(g " ) ( 100% Molar volume (m3 mol_l) (1)

Recall that the molar weight of an ideal gas is a known constant
(8.206 x 107> m® atm mol ! Kil), but the molar volume of a gas (m3 molfl) is
dependent on its absolute temperature (K) and pressure (atm) according to Eq. (1.2):

Gas Constant x Temperature
Pressure

Molar volume = (1.2)

For example, we can use Egs. (1.1) and (1.2) to calculate the value of the lower
flammability limit in concentration LFL(g m ) for a-pinene, a common
monoterpene in Pinus species around the world. Experimental studies indicate
that a-pinene has a lower flammability limit expressed as percentage volume
LFL(%) of 0.7% (Table 1.1). The molar weight of a-pinene (C;oH;) is
136 g mol'. From Eq. (1.2), we can compute the molar volume of the gas
at a pressure of 1 atm and a reference temperature of 25 °C (298 K) as
0.0245 m® mol ' Using this value in Eq. (1.1) we get the value of LFL of
39 g m~* for a-pinene that is shown in Table 1.1.

The lower and upper flammability limits (Table 1.1) are established for standard
pressure and a reference temperature of 25 °C (Gharagheizi 2008, 2009), indicated
as LFL,s and UFL,s, respectively. However, flammability limits are a function of
temperature (T), with the lower flammability limit decreasing with temperature and
the upper flammability limit increasing with temperature. The equations for the
adjustment of the lower and upper flammability limits (LFLt and UFLt) as a
function of temperature (T in °C) are of the form:

LFLT = LFL25[1 — ] (T - ZSOC)] (13)
UFLT = UFL25[1 + (Zz(T - ZSOC)] (14)
where @, and a, are empirical constants determined experimentally as

a; = 7.80 x 107, and @, = 7.21 x 10™* (Arnaldos et al. 2001; Chetehouna et al.
2014; Zabetakis 1965). These equations indicate, for example, that for temperatures
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around 200 °C, the lower flammability limit decreases by around 13% and the upper
flammability limit increases by a similar percentage when compared with the values
shown as LFL and UFL in Table 1.1 that correspond to the reference values LFL ;5
and UFL,s. More precise procedures to estimate the flammability limits of mixtures
of different compounds may be found in Courty et al. (2010).

1.4 Mixing Between Fuel Gases and Air

The mixing between fuel gases and oxygen can occur before ignition (called a
premixed flame) or they can mix during combustion (called a diffusion flame). A
Bunson burner is a common device that produces a premixed flame. The gasoline
internal combustion engine with spark-ignition or the diesel engine with autoignition
are other common examples of premixed flames (Quintiere 1998).

In wildland fires, the combustible fuel and oxygen are not premixed and come
together from the two sides of a reaction zone through molecular and turbulent
diffusion. This results in a diffusion flame, in which the burning rate is determined
by the rate at which fuel and oxygen are transported (diffused), brought together, and
mixed in proper proportions (within flammable limits) for reaction (Glassman and
Yetter 2008).

If the production rate of flammable gases and oxygen supply is constant, we have
a quasi-steady combustion rate. This is the same as the flame of a candle where we
can observe different colors, from the darker interior, where we have the fuel gases in
concentrations above the flammability limits, to the bright flame surface where
combustion occurs as the mixture between air and fuel is between the flammable
limits.

In order to demonstrate that “there are clearly two different kinds of action—one
the production of the vapor, and the other the combustion of it” Faraday (1861) in his
lectures presented an experiment placing a tube in the flame to get “the vapor from
the middle of the candle produced by its own heat” and pass it through the tube to the
other extremity where he lit it, obtaining “absolutely the flame of the candle at a
place distant from it” (Fig. 1.2).

There are also situations where the production of flammable gases does not
coincide in time with combustion in flames. This is the case, for example, of
compartment fires where the accumulation of flammable gases may accumulate
through time and sudden exposure to air or a spark may dramatically increase fire
growth to the full involvement of a room. These flashover events cause significant
problems in fire safety in houses motivating the increasing use of various fire safety
technologies, including residential smoke detectors and smoke control systems
(Quintiere 1998). See Chap. 8, for a discussion of similar types of behavior during
extreme fires.
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Fig. 1.2 Faraday (1861) showed the generation of flames in two different places from the vapor
produced from the heated wax in a candle. One of the flames was next to the candle. The other flame
was distant from the candle. The fuel passing through the tube with flammable gases from the
interior of the flame only mixes with the air outside the tube where the mixture felt within the
flammability limits and, provided a heat source by a match, ignited and produced flames

1.5 Ignitability of Wildland Fuels

In typical wildland fuels, both solid and liquid components have to be considered
when evaluating ignitability. Wildland fuels at ambient temperature are composed of
both liquids (e.g., fuel moisture and volatile compounds) and solids (e.g., cellulose,
hemicelluloses, lignin, minerals, and some volatile compounds). All these materials
have to go through a pre-ignition phase in order to release flammable gases before
ignition can occur, as will be discussed in Chaps. 2 and 4.

The moisture present in wildland fuel is vaporized through a process called
dehydration before combustion occurs. Dehydration occurs when enough heat is
supplied to the fuel such that the temperature reaches the boiling point
(or vaporization point). The boiling point is the temperature at which a liquid
changes into a gas.

The same process of volatilization occurs for Volatile Organic Compounds
(VOC) particularly for a class of compounds known as terpenoids, that are present
in leaves and other plant parts. A class of terpenoids is terpenes, which consist of
different numbers of CsHg units, from a single unit (isoprene) to two units (mono-
terpenes) or three units (sesquiterpenes). Another class of terpenoids is oxygenated
terpenoids, which are oxygen-containing derivatives from terpenes of a single unit
(as prenol), of two units (as eucalyptol), or of more units (as manoyl oxide). Other
VOC:s that are not terpenoids have varying compositions. All of these compounds
are easily volatilized when heated as they have low boiling points and are easily
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transformed into flammable gases. The boiling points for these various compounds
are shown in Table 1.1.

For the solid component of wildland fuels, the processes have some complexity.
Most plant tissues are composed of cellulose, hemicelluloses, and lignin, which have
to go through the process of pyrolysis to produce flammable gases. Depending on the
oxygen supply, the combustion can be complete or incomplete, and different phases
might be defined. Details of pyrolysis are explained in Chap. 2. The complete
combustion of typical wildland fuels produces carbon dioxide (which is not burn-
able), but the first phases of combustion or incomplete combustion also produce
carbon monoxide and methane (flammable gases) that will burn if and when
appropriate conditions occur. For the products of incomplete combustion, as for all
other gases, we can define the lower and upper flammability limits and the temper-
atures of auto-ignition.

Ignitability is often measured in fuel samples in laboratory experiments, using
cone calorimeter or epi-radiators as heat sources (Fig. 1.3). A sample of fuel is
exposed to constant heat flux, and the time until ignition is recorded (Valette and
Moro 1990). Alternatively, ignitability is expressed as the number of successful
ignitions of a given fuel sample subject to a specific heat flux for a given time. These
experimental approaches inform our understanding of some of the main factors
involved in flammability (e.g., Weise et al. 2005; Madrigal et al. 2009; Ubysz and
Valette 2010).

From laboratory results, it is clear that the presence of fuel moisture influences
ignitability by increasing the time required to vaporize the moisture and produce and
ignite flammable gases (Fletcher et al. 2007; Davies and Legg 2011). Figure 1.4
shows the relationship between fuel moisture content (%) and ignition time for

Fig. 1.3 (a) Experimental device at INIA-CIFOR laboratory (Madrid) showing the cone calorim-
eter (b) sample of Pinus pinaster needles before the experiment (¢) sample of Pinus pinaster needles
after the experiment. (Photographs by Mercedes Guijarro)
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Fig. 1.4 Relationship between ignition time (in seconds) and fuel moisture content (%) for Erica
arborea leaves and twigs using the equations presented. (Data from Moro 2006 as cited by Ubysz
and Valette 2010)

leaves and twigs of Erica arborea. For similar values of fuel moisture, ignitability
also depends on the physical characteristics, chemical composition, and the propor-
tion of flammable VOC in the fuel (e.g., Alessio et al. 2008; Pausas et al. 2016)
(Fig. 1.5).

The results from laboratory experiments on the ignitability of fuel samples
provide valuable insights that help to interpret field observations. However, these
results should not be simply used as a measure of the ignitability of a fuel complex.
At the scale of the fuel complex (including vegetation components and litter), many
other factors have to be accounted for, such as the fuel arrangement, or the mixture of
fuels. Also, direct associations of these results with fire behavior are difficult to
ascertain, mostly because laboratory studies seldom replicate the heat fluxes of
wildland fires (Fernandes and Cruz 2012).

1.6 Implications

Both the types of fuel (do the plants contain many volatile organic compounds?) and
the environmental conditions (how dry is the fuel?) influence how readily fuels
ignite in vegetation fires. We focus upon the factors influencing when, how, and
whether fuels will ignite whether that ignition is from lightning, matches, embers,
flames, or another source. Without ignition, there will be no fire. In the next chapters,
we will further explore the products of combustion, including heat.
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Fig. 1.5 Ignition probability of samples of leaves and litter of various species exposed to a heat flux
of 25 kW m~2 The main factor associated with the probability of ignition was fuel moisture
content. Differences between species have been attributed to differences in physical characteristics
of fuel samples but also to differences in stored terpenoids. Quercus ilex is a species that does not
store terpenoids in the leaves. (Adapted from Della Rocca et al. 2017)
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Chapter 2 ®)
From Fuels to Smoke: Chemical Processes e

Learning Outcomes
After reading this chapter and using the interactive spreadsheet, we expect that
you will be able to:

1. Explain the chemical equations for both complete and incomplete combus-
tion of fuels. In particular, you should be able to identify the key inputs and
how changing their values alters the predicted values,

2. Summarize how flaming and smoldering combustion differ with respect to
smoke composition, and

3. Use the interactive spreadsheet to estimate emission factors, particulate
matter, and smoke production for wildfires and prescribed fires.

2.1 Introduction

The chemical breakdown of organic compounds in live and dead plants (also called
organic matter) provides the gases which ultimately combust and provide the energy
that fuels the spread of fires and their effects. In addition to heat, combustion emits
several other products that we call smoke (Fig. 2.1). Smoke often travels far from the
flames, where the particulates and other compounds can pose health hazards to
people and affect travelers’ visibility.

Supplementary Information The online version of this chapter (https://doi.org/10.1007/978-3-
030-69815-7_2) contains supplementary material, which is available to authorized users.
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Combustion Water
products vapor

£

Non flammable
gases

Fig. 2.1 Diagram of the chemical flows included in this chapter, all of which influence the rate of
combustion in vegetation fires. When fuel is heated, it dries, and the resulting water vapor is what
makes smoke appear white or light gray. When fuel is heated, flammable gases are produced from
both volatile oils in the organic matter as well as the organic matter biomass itself. When mixed with
oxygen and ignited, combustion occurs. Smoke often contains carbon dioxide, water, and other
gases from the combustion of organic matter. These and the particulates of partially consumed
organic matter make smoke gray. The particulate matter in smoke is an air pollutant and can be
harmful for people to breathe

2.2 Combustion at the Level of Atoms and Molecules

All physical substances, including the fuels that drive combustion during wildland
fires, consist of atoms that bond together to form molecules. At its simplest,
combustion involves only atoms of three elements, carbon (C), hydrogen (H), and
oxygen (O). Atoms of the same element may form electrically neutral groups of
bonded atoms such as hydrogen (H,) and oxygen (O,) (Fig. 2.2). When two or more
atoms of a single element combine, they form a molecule. When atoms of two
different elements combine to form a molecule, it is called a binary compound.
Combinations of C and H can form different hydrocarbons from methane (CH,) to
octane (CgH,;g). Combinations of C and O atoms combine to form carbon monoxide
(CO) and carbon dioxide (CO,), and the combination of H and O forms water (H,O)
(Fig. 2.2). Atoms of the three elements may form organic compounds such as the
carbohydrates of the general formula C,,(H,0),, including cellulose (CcH0O5) and
glucose (C¢H;,0¢) (Fig. 2.2).
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Fig. 2.2 C, H, and O combine into molecules that can be involved in combustion. These are the
basic building blocks of organic matter that can burn. For simplification, glucose is represented here
as CH,O

Combustion involves the chemical breakdown of the bonds between atoms. The
most straightforward combustion reaction involves the burning of methane, a natural
gas, in pure oxygen. The complete combustion of methane occurs when each
molecule of methane reacts with two molecules of oxygen to produce one molecule
of carbon dioxide and two molecules of water vapor. If oxygen is limited, incom-
plete combustion occurs, and different products are emitted. For example, if three
atoms of oxygen are available per atom of carbon during combustion, carbon
monoxide will be produced instead of carbon dioxide. If the supply of oxygen is
limited even further, the combustion products also begin to include carbon particles.
Understanding the differences between complete and incomplete combustion and
the role of oxygen supply is critical to estimate the amount of heat and smoke
generated during a fire (Fig. 2.3). Note that heat from combustion is addressed in
Chaps. 3, 4, and 5 with ecological implications in Chaps. 9 and 10.

In its simplest form, combustion can be visualized as occurring in a single step
reaction whereby fuel is mixed with an oxidizer in the correct proportions and
temperatures, resulting in the ignition of the mixture and the release of heat and
emissions. For example, a single-step model of the combustion of methane in pure
oxygen would result in the production of heat and some combination of carbon
dioxide, carbon monoxide, and water (Fig. 2.3). In reality, however, combustion
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Fig. 2.4 Sequence of reactions of the combustion of methane as a fuel gas showing the interme-
diate products at each step

reactions are often more complex, involving multiple steps. The complete combus-
tion of methane in pure oxygen, whereby CH, is decomposed into carbon and
hydrogen molecules, occurs in three steps (Fig. 2.4). The carbon is oxidized to
form carbon monoxide, while hydrogen and oxygen combine to form water. Finally,
the carbon monoxide is further oxidized to carbon dioxide.

The chain reaction sequence has important consequences as these processes tend
to occur at different places and at different moments during combustion. The
sequence of reactions is even more complicated when dealing with wildland fuels
such as wood or leaves of grass and trees.

2.3 Combustion of Solid Fuels

Managers and scientists generally recognize three types of combustion: flaming,
smoldering, and glowing (Fig. 2.5). During a wildfire, flaming, smoldering, and
glowing combustion can co-occur, and in many cases, one type of combustion leads
to another type. These different types of combustion vary in their rates of spread,
heat release rates, and emissions.

Flaming combustion is easily recognized by the bright colors of the hot gases
present in flames. Flaming combustion results from a rapid oxidation reaction at high
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Fig. 2.5 The three types or phases of combustion. (a) During flaming combustion gases from
thermal degradation of solid fuel burn. (b) During smoldering combustion, smoke is abundant. (c)
During glowing combustion, oxygen combines with fuel molecules at the surface of the solid fuel.
(Photographs by (a) Oscar https://en.wikipedia.org/wiki/Flame#/media/File:DancingFlames.jpg,
(b) Terrie Jain, and (c¢) Jens Buurgaard Nielsen https://en.wikipedia.org/wiki/Smouldering#/
media/File:Embers_01.JPG)

temperatures with an abundant oxygen supply resulting in the release of carbon
dioxide and water vapor.

Smoldering, or glowing, combustion is a non-flaming form of combustion rec-
ognized by an abundant production of smoke with large amounts of particulate
matter (mostly carbon) and carbon monoxide (Ward 2001). Smoldering combustion
occurs at a slower rate with a limited oxygen supply than flaming combustion,
resulting in lower temperatures, rates of fire spread, and intensities. Smoldering
combustion is much slower than flaming combustion because the combustion
reaction takes place at the surface of solid fuels, and oxygen molecules have to
diffuse to the solid surface to combine with fuel molecules. When smoldering
combustion heats the solid fuel to a high enough temperature such that it radiates
in the visible spectrum, it is often referred to as glowing combustion. Dense organic
matter layers, such as duff in forests or the mulch that results from chipping trees and
shrubs, usually burn by smoldering combustion.

The combustion of fuels during vegetation fires results in the production of char
as well as unburned material. Char is a residual carbon material resulting from
incomplete combustion after the removal of water and volatile organic compounds
from the fuel by heat. See Chap. 9 for discussion of carbon in soils.

Pyrolysis, a word that originates from the Greek words “pyro” (fire) and “lysis”
(separation), is defined as the thermal degradation of solid fuel into gases under the
influence of heat. Because solid fuels do not burn directly, they first must go through
pyrolysis to produce the volatile gases that combust. The pyrolysis of cellulose has
been very well described (Fig. 2.6). The decomposition of lignin and hemicelluloses
follows the same general pattern, with lignin being far more resistant to thermal
degradation.

We contrast flaming and smoldering combustion using the chemical equations for
glucose. For complete combustion, glucose first decomposes into carbon monoxide
and hydrogen. In the presence of enough oxygen, these two gases burn in flaming
combustion, producing carbon dioxide and water (Fig. 2.7). For smoldering com-
bustion, pyrolysis first results in water vapor leaving behind solid carbon (char).
Then if oxygen is present, carbon may undergo smoldering combustion, producing
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Fig. 2.6 The pyrolysis of cellulose can have two pathways, producing gases and char (top colored
box) or flammable volatiles and tar (lower colored box). If there is ignition, these are then the
compounds that burn in smoldering (top) and flaming combustion. (Adapted from Philpot 1971;
Chandler et al. 1983)

the same final products, carbon dioxide, and water if combustion is complete
(Fig. 2.7).

Similarly, wood and cellulose can burn with either flaming or smoldering com-
bustion. The final products are the same for flaming and glowing combustion
processes if enough oxygen is available for complete combustion. However, the
intermediate products and the different rates of combustion have important implica-
tions for managing fires.

2.4 Combustion Completeness and Emission Factors

Because the law of conservation of mass states that matter cannot be created nor
destroyed in a chemical reaction such as combustion, we can use a mass balance
approach to understand what happens to all of the atoms that make up the fuels that
burn. The standard unit of measurement for the amount of a substance is a mole and
is defined as having 6.02214076 x 10> particles. The molar mass of a substance is
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Fig. 2.7 Two possible paths of glucose combustion. For simplification purposes glucose is
represented as CH,O. The upper path corresponds to flaming combustion and the lower path to
smoldering combustion. In both processes, if enough oxygen is available for combustion to be
complete, the final products are carbon dioxide and water vapor

the mass of a sample in grams for 1 mol. The molar masses of selected molecules are
presented in Table 2.1.

In this chapter, we focus on three main elements (C, H, and O), but other elements
present in fuels or the atmosphere, such as nitrogen and sulfur, could also be
considered. Nitrogen is the fourth most abundant element in Earth’s biomass
(between 2% and 4%, according to Larcher 1977) and is a minor component of
wildland fuels. Whereas, sulfur is an essential macro element in plants, with a
concentration ranging from 0.1 to 0.45% on a dry weight basis, and plays a critical
role in building amino acids and the formation of chlorophyll in plants. Although
elements such as nitrogen and sulfur play important roles in plant function, they are
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often ignored for practical purposes during combustion calculations. For example,
the equivalent chemical composition of wood suggested by Byram (1959) and used
throughout this book excludes all minor elements in plant materials, including
nitrogen and sulfur.

Emission factors are expressed as the ratio of the mass of product yielded divided
by the mass of fuel consumed (Eq. 2.1). Emission factors are critical for regulatory
agencies and managers as they are used to predict the impact of fires on air quality.

Mass of product released
Mass of fuel consumed

Emission factor = (2.1)

Emission factors are often determined experimentally by measuring the mass of
fuel consumed and the mass of the product of interest released. However, emission
factors can also be estimated based on conservation of mass and knowledge of the
chemical composition of the fuel and the products:

Emission factor =

Number of molecules of the product released x Molar mass of the product
Number of molecules of fuel involved x Molar mass of the fuel compound

(2.2)

For example, the complete combustion of wood can be represented by the
simplified chemical equation:

CeH9O4 4+ 6.25 O, — 6 CO, + 4.5 H,O (2.3)

Using the corresponding molar masses the above equation can be represented
by an equation of the masses of reactants and products for 145 g of wood as:

145g wood + 200g oxygen — 264g carbon dioxide
+ 81g water vapor (2.4)

To calculate the emission factor for carbon dioxide from the complete com-
bustion of wood (grams of carbon dioxide per 1 g of wood) we have.

264g carbon dioxide
145g wood

Emission factor for carbon dioxide = =182 (2.5)

Likewise, the emission factor for water vapor during the complete combustion
of wood is:

(continued)
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. 81g water vapor

Emission factor for water vapor = ~5gwood 0.56 (2.6)

If combustion is complete, no carbon monoxide is produced, and thus its
emission factor is zero. Similar calculations could be made for typical
flaming combustion of wood when the oxygen supply is not maximum
and we have only 6 mol of oxygen reacting with 1 mol of wood or for
typical smoldering combustion with even less oxygen when we have
5.5 mol of oxygen per mole of wood. These two types of combustion
would result in different emission factors for carbon dioxide (1.67 and
1.37, respectively) and for carbon monoxide (0.10 and 0.29, respectively)
(Table 2.2).

Smoldering and flaming combustion, or the combustion completeness, signifi-
cantly influence the emission factors used by fire and air-quality managers to forecast
the impacts of wildfires (Table 2.2). For example, smoldering combustion, which is
less efficient than flaming combustion, emits greater amounts of CO. Combustion is
never 100% complete in vegetation fires. Incomplete combustion products include
carbon monoxide (CO), methane (CH,), other hydrocarbons (CH), and particles as
soot (mostly C). Several measures of the completeness or efficiency of combustion
can be computed.

The Equivalent Oxygen to Fuel Ratio (EOFR) uses the comparison of the oxygen
used in the actual combustion with the oxygen that would be used by the same
quantity of fuel during complete combustion. The Equivalent Oxygen to Fuel Ratio
is the inverse of the Equivalence Ratio (¢) proposed by some authors (e.g., Drysdale
1985):

mol of O, consumed during combustion
mol of O, consumed in complete combustion

1
~ Equivalence ratio (®)

EOFR =

(2.7)

Rather than use the amount of oxygen consumed during combustion, as done in
the Equivalence Ratio and the Equivalent Oxygen to Fuel Ratio, combustion com-
pleteness can also be estimated by evaluating the composition of the products. Ward
and others (1996) proposed the use of a Modified Combustion Efficiency (MCE)
metric, which is based on the ratio of moles of carbon released as CO, to the sum of
the moles of carbon released as CO, and CO:

mol of CO,

MCE = mol of CO, + mol of CO

(2.8)
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In wildland fires, smoldering and flaming combustion generally yield an MCE
value between 0.75 and 0.92. Typical values for EOFR, MCE, and emission factors
for complete, flaming, and smoldering combustion of wood are shown in Table 2.2.

Incomplete combustion results in a variety of additional products besides CO,,
H,0, and CO, many of which are regulated as air pollutants. A more complete
balanced equation of incomplete combustion of wood as a function of the Equivalent
Oxygen to Fuel Ratio (EOFR) is shown in Eq. (2.9) (Ward 2001):

CeHo04 + (6.25 EOFR)0, — [6 — 8.85(1 — EOFR)]CO,
+ [4.5 — 1.40(1 — EOFR)|H,0
+6.65 (1 — EOFR)CO
+0.70 (1 — EOFR)CH,
+1.50 (1 — EOFR)C (2.9)

Furthermore, the fraction of methane computed using Eq. (2.9) can be divided as
true methane (59.2%) and other hydrocarbons (40.8%), and the fraction of carbon
can be subdivided by sizes, with particulates less than 2.5 pm (2.5 microns) in
diameter comprising 69.2% of and particles above 10.0 pm comprising 18.4%.

Examples of the results of emission factors calculated for different values of the
Equivalent Oxygen to Fuel Ratio (EOFR) using the Excel spreadsheet that is shown
in this chapter are presented in Table 2.3.

Both the amount and composition of particulate emissions differ for flaming
and smoldering combustion. As flaming combustion is more complete, the particu-
lates from flaming combustion tend to be higher in ash minerals than those from
smoldering combustion with more sodium (Na), potassium (K), chlorine (Cl), or
sulfur (S) (Ward 2001). These latter elements, along with N, are part of the fuel that
is burned.

The amount of particulate matter and gases emitted during combustion can be
predicted using information about the type of fire, combustion efficiency, the amount

Table 2.3 Emission factors for the main products of wood combustion computed from the
equations presented in the text with different values of the Equivalent Oxygen to Fuel Ratio (EOFR)

Emission factors (grams per 1000 g of fuel)

Type of combustion Complete Flaming Smoldering
Equivalent Oxygen to Fuel Ratio (EOFR) 1.00 0.93 0.80
Modified Combustion Efficiency (MCE) 1.00 0.92 0.75
Water (H,O) 559 546 523
Carbon dioxide (CO,) 1821 1632 1283
Carbon monoxide (CO) 0 90 257
Methane (CH,) 0 3 9
Other hydrocarbons (CH) 0 2 6
Particulate matter (mostly C)

PM < 2.5 pm 0 6 17
PM < 10.0 pm 0 7 20
Total particles 0 9 25
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Table 2.4 Emission factors (grams per 1000 g of fuel) for different types of fuels burned in
prescribed fires and wildfires. (Data from Urbanski 2014; Peterson et al. 2018)

Prescribed fires Wildfires

Northwestern Western Northwestern Boreal
Pollutant conifer forests shrubland | Grassland | conifer forest forest
Carbon dioxide 1598 1647 1705 1600 1641
(COy)
Carbon monoxide 105 74 61 135 95
(CO)
Methane (CHy) 5 4 2 7 3
Other hydrocarbons | 27 18 17 34 23
(CH)
Particulate matter 18 7 9 23 22
(PM <2.5 pm)
Nitrogen oxides 2.1 2.2 2.2 2.0 1.0
(NOy)
Ammonia (NH3) 1.6 1.5 1.5 1.5 0.8
Nitrous oxide (N,O) | 0.2 0.3 0 0.2 0.4
Sulfur dioxide 1.1 0.7 0.7 1.1 1.1
(S0O7)

of fuel consumed, and empirically derived emission factors (Table 2.4). The Fire
Emissions Production Simulator (FEPS) (Anderson et al. 2004), the First Order Fire
Effects Model (Lutes 2017), and CONSUME (Prichard et al. 2007) are examples of
modeling tools that are commonly used to predict wildfire emissions.

Field observations of emissions have suggested that the emission factors vary
across fuel types and for prescribed fires and wildfires (Table 2.4). Prescribed fires in
grasslands tend to have greater combustion efficiencies and, therefore, result in
greater amounts of CO, and lower amounts of CO than prescribed fires and wildfires
in coniferous forests. However, it is important to remember that the actual emissions
during a wildfire or prescribed fire will vary with the amount of fuel consumed, fuel
moisture, ignition pattern, wind, temperature, and other factors. Note that in conif-
erous forests of the US, the observed emissions of incomplete combustion products
(CO, CHy, other CH, and particulates) are only slightly higher in wildfires than in
prescribed fires (Table 2.4; Urbanski 2014; Peterson et al. 2018). Andreae and
Merlet (2001) summarized emission factors for more than 90 pyrogenic chemical
species emitted from various types of biomass burning, from savannas and grass-
lands to tropical forests, to burning biofuel, charcoal, or agricultural residues.

2.5 From Emissions to Smoke Composition

Predicting the amount and composition of emissions from fires is important to
develop strategies to minimize health impacts on downwind populations, and reduce
the potential for hazardous travel conditions associated with impaired visibility
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Fig. 2.8 Smoke from wildland fires often spreads far from the source, affecting air quality. When
fires are widespread, many people can be affected by reduced visibility and enough particulates in
the air to pose a health hazard. Note that the color of smoke can tell us what is burning. Higher
prevalence of water vapor produces whiter smoke, while particulates make grey or black smoke.
Here are satellite images from (a) Arizona in 2011, (b) Mexico in 2011, (c) Portugal in 2003, and
(d) Idaho and Montana in 2007. (Images from Peterson et al. 2018)

(Fig. 2.8). However, besides information about the type of fire, combustion effi-
ciency, the amount of fuel consumed, and emission factors, we also need to consider
the elements and molecules in the atmosphere, including oxygen and nitrogen, while
calculating the amount and composition of smoke (Table 2.5).

The quantity of air available significantly influences the combustion process and
the products emitted. As shown in Eq. (2.4), the complete combustion of 145 g of
wood requires 200 g of oxygen. Since oxygen comprises only 23.14% of the
atmosphere, each gram of oxygen used in the combustion reaction involves 4.32 g
of air, of which 75.52% (3.26 g) is nitrogen. In addition to nitrogen, we should also
consider water vapor in the atmosphere, commonly reported as relative humidity
(RH%). Relative humidity is calculated as the ratio of the current amount of water
vapor in the atmosphere over the amount of water vapor in the atmosphere at the
saturation point for a given temperature. The mass of water in the atmosphere can be
computed based on the relative humidity and temperature (T, °C) following
Eq. (2.10):
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Table 2.5 The normal composition of dry air in percentage volume and percentage mass by
constituent gas (Atkin and Jones 2005)

Molar mass Normal composition of air
Constituent gas (g mol™") % volume % mass
Nitrogen (N,) 28 78.09 75.52
Oxygen (O,) 32 20.95 23.14
Argon (Ar) 40 0.93 1.29
Carbon dioxide (CO,) 44 0.03 0.05

Mass of H,O in air = (Mass of O + N») x (RH%/100%)
% (0.000216) exp [0.0656(T, ] (2.10)

Fuel moisture is another important variable that significantly influences combus-
tion and emissions. When the fuel moisture content is greater than some level,
known as the moisture of extinction, fuels will not burn, while dryer fuels can
burn readily. In general, fuel moisture is measured as the ratio between the mass
of water and that of dry fuel. This is commonly expressed as a percentage calculated
as the (wet weight—the oven-dry weight)/oven-dry weight. Thus, if the fuel mois-
ture content is 10%, the mass of water in 1100 g of wood is 100 g, and this mass of
water must be added to both sides of the combustion equations. In the products, this
mass is added to the 559 g of water vapor emissions produced during the combustion
of dry wood. The resulting N oxides and water vapor need to be considered in the
combustion equations. They are essential to the thermodynamics of combustion (See
Chap. 4) and are particularly important in the composition of smoke.

2.6 Implications

Understanding the products generated during combustion is critical as they are
ultimately responsible for many of the effects on people, plants, animals, soils, and
other parts of the ecosystems. The heat generated from combustion is discussed in
Chaps. 4 and 5, while the effects of heat and smoke on plants, ecosystems, and
people are discussed in Chaps. 9 and 10.

The composition of smoke includes many different gases, liquids, and solid
particulates (mostly carbon), all of which are products of combustion and pose
considerable risk to human health. Although it is true that “when there is fire,
there is smoke,” the smoke is often carried far downwind (Fig. 2.8). Smoke man-
agement is a growing concern among managers and policymakers due to the
potential for long-distance transport and risk to human health of many emissions,
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INPUTS: LOW HEAT OF COMBUSTION
2716 kJ / mol

EQUIVALENT AIR-TO-FUEL RATIO
0,92 dimensionless
COMPOSITION OF FUEL

Carbon (C ) 6.00 FUEL MOISTURE AIR RELATIVE HUMIDITY
Hydrogen (H) = 9.00 0.70 Mf = moisture / dry fuel 60 (percent %)
Owygen (O) 4,00
FUEL INITIAL TEMPERATURE AIR TEMPERATURE

Molar mass 145.0 g/ mal 288 K 208 K
2. HEAT OF COMBUSTION (DRY FUEL) 3. HEAT OF PREIGMTION
per gram of fuel 18.7 kJ / gram Total heat of preignition 2.8 kJ / gram
per gram of oxygen 14.8 kJ / gram To raise the temperature of wood 0.6 kJ / gram
per gram of air 3.4 kJ / gram To raise the temperature of liquid water 0.2 kJ / gram
Ratio oxygen / fuel 1.3 (gram / gram) To vaporize the water 1.6 kJ / gram

To raise the temperature of water vapour 0.4 kJ / gram

4. HEAT IN COMBUSTIBLE PRODUCTS

Heat in CO, CHs and C 1.68 kJ / gram per gramof fuel 14,3 kJ/ gram
per mole of fuel 2072 kJ / mole
6. EMISSIONS 5. ESTIMATED FLAME TEMPERATURE
Emission faciors Estimated temperature of gases in the flame 1706 K
Water vapor (H:O0) 1309 g/ kg Heat capacity of the mixure of products (per mol of fuel) 1472 JIK
Carbon dicxde (COz) 1605 g / kg Esti i increase in e 1408 K
Carbon monoxde (CO) 103 g/ kg
Methane (CHi) 4g/kg
Other Hydrecarbons (HC) 3g/kg
Particles < 2.5um Talkg
Particles < 10pm Bglky
Total Particles 10g/kg

4. ADJUSTED HEAT YIELD

Fig. 2.9 A worked example using the interactive Excel spreadsheet on COMBUSTION_v2.0,
including the required inputs that you can readily change, the global balanced equations, and the
composition of smoke resulting from the composition of fuels and the completeness of the
combustion. Use this to explore the relative influence of input factors on the heat (under what
conditions will fires burn?) and emissions (these are components of smoke) products of combustion

an increasing human population, longer fire seasons, and widespread biomass
burning (Bowman et al. 2009). Smoke can also affect visibility that puts highway
and airport traffic at risk for accidents and affect the air quality over national parks
and other areas where people go for recreation and to see beauty (Peterson et al.
2018). Globally, biomass burning and smoke emissions are increasingly targeted for
reduction as part of addressing climate change and human health (Bowman et al.
2009; Johnston et al. 2012).

2.7 Interactive Spreadsheet: COMBUSTION

We suggest using the interactive spreadsheet COMBUSTION_V2.0 to explore the
relationship of smoke composition to fire and fuel chemistry. See Fig. 2.9 to
understand an example worked using the spreadsheet, and then adjust the inputs or
outputs to see the implications of different fuel compositions and air supply. What
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input conditions will result in the most complete combustion? What combustion
conditions have the least emissions, and which have the most emissions?

We encourage you to use the interactive spreadsheet (online supplementary
material) to explore the relative importance of inputs for predicted emissions.
Being able to interpret those results and how they change with inputs will strengthen
your ability to explain how and why flaming and smoldering differ in the products
and particulates produced.
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Heat Production Gecie

Learning Outcomes
Upon completion of this chapter, we expect you to be able to

Explain where the heat in fires comes from in chemistry terms,
Differentiate between higher and lower heat of combustion,

Understand the concept of heat yield,

Clearly explain in your own words how fuel characteristics and combustion
completeness influence heat production, and

5. Use the interactive spreadsheet to evaluate how changes in fuel and com-
bustion inputs alter the heat production from fires.

= =

3.1 Heat Production

In the previous chapter, we discussed the effect of fuel and oxygen supply during
combustion on smoke production and composition. In this chapter, we investigate
the other major product released during combustion: heat. Recall that combustion
reactions are always exothermic; that is, they result in the release of energy in the
form of heat or light. The primary fuel involved in wildland fires is composed of
dead and living plant material produced through photosynthesis. Photosynthesis is a
process that uses light energy from the sun, water, and carbon dioxide to create
chemical energy that is stored in molecules such as glucose, which are used to make
other more complex substances such as cellulose. When plants or plant parts die,

Supplementary Information The online version of this chapter (https://doi.org/10.1007/978-3-
030-69815-7_3) contains supplementary material, which is available to authorized users.
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decomposition breaks down photosynthesis products into simpler organic com-
pounds and releases the stored energy. Both decomposition and combustion can
be thought of as the reverse of photosynthesis in that they break down plant sub-
stances into their chemical constituents and release the stored energy. The major
difference between combustion and decomposition is the rate at which the reaction
occurs (Byram 1959). Thus, photosynthesis is:

Carbon dioxide + Water + Energy (solar radiation)
—  Plant substances + Oxygen (3.1)

while combustion and decomposition can be described as:

Plant substances + Oxygen + Energy (heat)
— Carbon dioxide + Water + Energy (heat) (3.2)

Decomposition and combustion of wildland fuels are both often incomplete, so
not all organic matter is consumed but is often broken into smaller pieces. As
explained in Sect. 3.4, some organic compounds are more readily decomposed
than others. Rotting wood is higher in lignin than living or recently dead wood,
which affects the potential for the remaining organic matter to burn in combustion.

In Chap. 2, we discussed the principles of conservation of mass and species. In
this chapter, we analyze the chemical equations of combustion from the conservation
of energy. Within a given system, the amount of energy remains constant as energy
can not be created nor destroyed. However, energy can be converted from one form
to another (e.g., potential energy can be converted to kinetic energy). The amount of
heat produced during combustion can be evaluated based on either the strength of the
fuel’s chemical bonds or chemical constituents. We start this by building upon fire
chemistry principles introduced in Chaps. 1 and 2 by exploring how various
chemical bonds influence the net energy release. Next, we discuss how the chemical
components of wildland fuels (organic matter, minerals, volatiles, and moisture)
influence flammable vapor production and heat release during combustion (Fig. 3.1).

3.2 The Net Energy Release in Combustion
and the Strength of Chemical Bonds

From the perspective of the conservation of energy, combustion reactions can be
understood as a two-step process. First, energy is required to break the chemical
bonds of the reactants (endothermic step). Second, energy is released (exothermic
step) when the new chemical bonds are formed. These two steps can be visualized as
occurring in two different zones within a flame. First, the fuel molecules within the
flame are heated such that they split into atoms; these atoms then react with oxygen
in the reaction zone to form new molecules (Fig. 3.2). In a combustion reaction, the
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Heat production

Fig. 3.1 Heat production is influenced by fuel and fuel moisture, by the combustion of flammable
gases, and by oxygen in the air. In this chapter, we focus on the colored portions of this diagram of
our general conceptual model

energy released in the second step is always greater than the energy absorbed in the
first step. Therefore, combustion always results in the release of energy.

The amount of energy absorbed and released during combustion depends upon
the strength of the chemical bonds associated with both the fuel and products
involved in the combustion reaction. The strength of the chemical bonds increases
as the number of electron pairs in the bond increases. Single (=), double (=), or triple
(E), bonds share one, two, and three electrons, respectively. The strength of the
bonds is commonly measured by the average bond dissociation energy expressed in
kilojoules per mole or kilojoules per gram (Table 3.1). The net energy released
during combustion can be estimated as the difference between the heat released in
forming the bonds of the products and the heat absorbed in breaking the bonds of the
reactants (Eq. 3.3):

Net energy release (AH) = Energy to form the bonds of products
— Energy to break bonds of reactants (3.3)
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Fuel

Fig. 3.2 Methane burning in the reaction zone of a flame. The chemical bonds of the methane
molecules of the fuel inside the flame (yellow, left) break by heat into carbon and hydrogen atoms
(this thermal degradation is pyrolysis) that react with oxygen atoms after the break of heated oxygen
molecules in the air (blue, right). In the reaction zone (middle), combustion produces molecules of
carbon dioxide, water, and carbon monoxide as well as carbon particles

Table 3.1 Typical bond ] Chemical bond Bond strength (kJ mol ')

strengths measured by their

dissociati c-C 348

issociation energy

(kJ mol~!) between atoms of Cc=C 612

carbon (C), hydrogen (H), and CEC 837

oxygen (O) of different types C-H 413

(single bond —, double bond C-0 360

=, and triple bond =) (From —

Atkin and Jones 2005) =0 804
CEO 1062
H-H 424
O-H 460
0=0 497
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For example, we can calculate the net energy release for the complete
combustion of methane in oxygen (Fig. 3.3), assuming the reactants include
one molecule of methane, CH,, and two molecules of oxygen, 20,. Methane
contains four single bonds between the carbon and hydrogen atoms (4 C-H),
and oxygen has two double bonds between oxygen atoms (2 O=O0) (Fig. 3.3).
The products of this reaction include one molecule of carbon dioxide, CO,,
and two molecules of water, 2 H,O. Carbon dioxide has two double bonds
between the atoms of carbon and oxygen (C=0), and water has four single
bonds between the oxygen and hydrogen atoms (4 O-H). Using Eq. (3.3) and
the bond strengths in Table 3.1, we get:

Net energy release (AH) = [2(804) + 4(460)] — [4(413) + 2(497)]
= 3448 — 2646 = 802 kJ mol ™! (3.4)

We can convert the net energy released from kJ mol ' to kJ g~ ' by
dividing by the molar mass of methane, 16 g mol™~' as (Eq. 3.5):

Net energy release (AH in kJ g’l) =802 kJ mol’1/16 g mol™!
=501k g (3.5)

Calculations similar to those presented for methane can be done for all substances
for which the chemical composition and the nature and number of bonds are known.
The chemical composition and the nature, strength, and number of chemical bonds
associated with common molecules composed of C, H, and O that are common in
wildland fuels can be seen in Fig. 3.4. The calculations of the net energy release from
bond nature, strength, and number are summarized for the same molecules in
Table 3.2.

An alternative way to estimate the net energy release (AH) of a combustion
reaction is by using the concept of enthalpy of formation. The standard enthalpy of
formation of a compound is the change in enthalpy when one mole of a substance is
formed from its pure elements. Values for the standard enthalpy of formation for
many compounds are available in many classical books in chemistry (e.g., Atkin and
Jones 2005). Because there is no energy associated with the formation of an element
in its standard state (e.g., oxygen or graphite), the standard enthalpy of formation
is zero.

We can then compute the net energy release by taking the difference between the
enthalpies of formation of reactants and that of products of the reaction:

Net energy release (AH) = AH'r — AH'), (3.6)
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Fig. 3.3 The complete combustion of methane. (a) In the first step, four chemical bonds C-H in
methane and two double bonds O=O of oxygen are broken absorbing energy resulting in dissoci-
ated atoms of C, H, and O. in the second step these atoms are combined to form two double bonds
C=O0 in carbon dioxide and four single bonds O-H in water, releasing energy. (b) Applying the
values for the strength of the bonds in Table 3.1 and the calculations explained in the text example,
we can represent the energy absorbed and released from a mole of methane and conclude that its
complete combustion results in a net energy release (heat of combustion) of 802 kJ mol '
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Fig. 3.4 Simplified representations of molecules commonly involved in combustion during veg-
etation fires. Both the chemical formulas and the bonds are shown
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where: AH is the net energy release, AH'y is the enthalpy of formation of reactants,
and AH'p is the enthalpy of formation of the products.

To demonstrate the use of the standard enthalpy of formation to estimate
the net energy released, let us revisit the complete combustion of methane in
oxygen. As shown in Fig. 3.3, one mole of methane (CH,) reacts with two
moles of oxygen (O,) to produce one mole of carbon dioxide (CO,) and two
moles of water (H,O). From calorimeter studies, the following values are
given by Atkin and Jones (2005) for the enthalpy of formation: methane
(CH, gas) as —74.8 kJ mol ', carbon dioxide (CO, gas) as —393.5 kJ mol ",
and water (H,O gas) as —241.8 kJ mol '. Because oxygen is in its standard
state, its standard enthalpy of formation is 0 kJ mol '. Substituting these
values into Eq. (3.6) results in the following:

Net energy release (AH) = —74.8 — [—393.5 + 2(—241.8)]
= 802.3 kJ mol ™! (3.7)

This is the same result as obtained in the previous example using Eq. (3.4).

3.3 Energy Release and Heat of Combustion

In classical fire literature, the term heat of combustion is generally defined as the net
energy released when a substance undergoes complete combustion under standard
conditions (Drysdale 2011). However, the terminology associated with the heat of
combustion can be confusing as the terms heating value, energy value, heat content,
and calorific value are also occasionally used as synonyms. Furthermore, there are
two distinct, but related heat of combustion estimates that are used to describe the net
energy released: the higher and the lower heat of combustion.

The difference between higher heat of combustion (AHH) and lower heat of
combustion (AHL) can be explained based on how the water produced during
combustion is considered. Recall from Eq. (2.4) that during the combustion of 1 g
of dry wood, approximately 0.56 g of water vapor is produced. If we measure the
total amount of energy released after all of the combustion products have returned to
the initial temperatures and states, we would have estimated a value called the high
heat of combustion (or gross heat of combustion or higher heat content). The
distinguishing feature of the high heat of combustion is that the water vapor
produced during combustion condenses back to a liquid state, thus releasing the
energy that was initially used to vaporize it, called the latent heat of vaporization.
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The high heat of combustion is useful in industrial settings where the condensation
of water is an important consideration, such as estimating the energy from a gas-fired
boiler. The estimation of the high heat of combustion of wildland fuels is practically
impossible to do from first principles as we seldom know the precise chemical
composition of the fuels. Therefore, the high heat of combustion is often estimated
using a bomb calorimeter (Fig. 3.5).

In wildland fires, the energy associated with water vapor production does not
significantly contribute to fire behavior or effects. Therefore, it should be subtracted
from the high heat of combustion, providing an estimate of the lower heat of
combustion. The lower heat of combustion is always smaller than the higher heat
of combustion, as the water vapor produced during combustion does not condense
back to a liquid, and the latent heat associated with the water vapor is not recovered.

It is important to recognize that the calculations of net energy released (AH) (Sect.
3.2) correspond to the lower heat of combustion (AHL) since they incorporate the
energy required to create water vapor. Also, it should be noted that the values
presented in Table 3.2 are theoretical and higher than those commonly used in
practice for the lower heat of combustion for wildland fuels. Although the low
heat of combustion is often considered a constant, differences in the fuel composi-
tion among species and throughout a growing season can influence estimates of the
lower heat of combustion.

The measurement of the energy released in combustion is often made in dry
samples of the fuel of interest using a bomb calorimeter (Fig. 3.5). This can be done
for pure substances, but it is particularly important for actual wildland fuels where
the estimation of the energy release is practically impossible to be made from first
principles using bond strength as we seldom know the precise chemical composition
of the fuels. Because the water vapor released in the combustion of a dry sample is
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allowed to condense, the estimation of the net energy release by bomb calorimetry
results in the value of high heat of combustion (AHH).

The lower heat of combustion can be estimated after measuring the higher heat of
combustion. If we measure the total amount of energy released after all of the
combustion products have returned to their initial temperatures and states, we
would have estimated the high heat of combustion (or gross heat of combustion or
higher heat content). The distinguishing feature of the high heat of combustion is that
the water vapor produced during combustion condenses back to a liquid state,
releasing the energy that was initially used to vaporize it, called the latent heat of
vaporization. The difference between higher and lower heat of combustion can be
illustrated with the example of methane.

To demonstrate the differences between the higher and lower heat of
combustion, we can continue to use the complete combustion of methane in
oxygen. Based on measurements in a bomb calorimeter, it has been deter-
mined that the higher heat of combustion (AHH) for methane is 890 kJ mol .
The combustion reaction associated with bomb calorimeter measurement is:

CHy(gas) + 20,(gas) — CO1(gas) + 2H,O0(liquid)

| (3.8)

AHH = 890 kJ mol™

Notice that in this reaction the products include carbon dioxide and liquid

water. However, if we were to measure the energy released while the water
was still a gas we would have the following:

CH4(gas) + 20,(gas) — CO,(gas) + 2H,0(gas)

- (3.9)
AHL = 802 kJ mol

The difference between these two values is because for the higher heat of
combustion we considered that the water vapor condensed back to a liquid,
while for the lower heat of combustion the water is in vapor form. If this water
vapor is allowed to condense, an additional 88 kJ is given off as heat. This
difference corresponds to the energy required for the vaporization of water
(44.0 kJ mol " for two moles of water). We can also express the higher and
lower heat of combustion in terms of energy per unit mass by dividing each by
the molar mass of methane (16 g) which results in 55.6 and 50.1 kJ g ',
respectively.

For common wildland fuels, similar calculations can be done. Recall from
Eq. (2.4) that during the complete combustion of one gram of common wildland
fuels, like dry wood, approximately 0.56 g of water vapor is produced. The energy
associated with converting this water to vapor is 1.4 kJ g~ ', which can be estimated
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by multiplying 0.56 g of water vapor by the latent heat of vaporization for water at
25 °C, which is 2.44 kJ g~'. The low heat of combustion can then be estimated by
subtracting 1.4 kJ g~' from the higher heat of combustion. The values for the high
and low heat of combustion do not vary widely between different types of wildland
fuels and thus, for many practical purposes, the values of 20.1 kJ g~ for the high
heat of combustion and of 18.7 kJ g~ ' for the low heat of combustion are often
assumed as constant for most wildland fuels (Van Wagner 1972; Alexander 1982).
However, some differences exist, which will be discussed in the next sections.

3.4 Estimating Heat Release from Fuel Composition

The heat generated during combustion can be estimated globally or as the sum of the
heat from various fuel components involved in the combustion reaction and, in
particular, the amount of volatiles and char. Recall that the relative proportions of
char and volatile gases produced depend upon combustion completeness (See
Chap. 2). In Fig. 3.6 we provide a graphical representation of various fuel compo-
nents, their mass, and effects on energy associated with wildland fires. Note that both
the higher and lower heat of combustion are estimated based on dry fuels. Thus,
neither the fuel moisture nor the mass of minerals, which are not combusted during a
wildfire, contribute to the calculation of the heat of combustion of fuels. After
removing minerals and fuel moisture, the remaining mass of dry fuel results in the
production of volatiles and char. The heat generated from volatile compounds
contributes to flames and fire spread. In contrast, the heat from char is primarily

Fuel Mass Energy
Heat of
F.uel Water vapor from vaporization of
molsture moisture in fuel viates b fisl
Heat of vaporization
of water of reaction
Volatiles
Ash Higher heat
free of
combustion Lower heat
Dry fuel of
fuel
Char combustion
Minerals Ash No energy

Fig. 3.6 A schematic diagram showing the relationship between fuel components and the
corresponding mass and energy components included in the combustion of vegetation fuels
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released in the slower process of smoldering combustion and plays an important role
in determining fire effects on plants and soils (See Chap. 9).

Typically, estimates of the values for the heat of combustion of a fuel (AHy,;) do
not distinguish between energy produced through the combustion of volatiles
(AHyopagites) Vs. energy produced through char (AH.,,). However, since the rate of
heat release is different between char and volatiles, it can be useful to partition the
heat of combustion into various components:

AHﬁwl = AHV{)latil&Y X Pyolatiles + AHChm‘ X Pchar (310)

For many thermodynamic calculations, the higher heat of combustion of char can
be considered a constant for wildland fuels, AH,,, at around 29.2 kJ gfl (Rothermel
1976) or 32.0 kJ g~ ' (Susott 1982). Because the proportion of char and the higher
heat of combustion are both easily measured experimentally, we can calculate the
heat of combustion for volatile products (per unit weight of the original fuel) from
the conservation of energy equation (Susott et al. 1975):

AHvolaziles X Pvolatiles = AHfuel - AHchaf X Pchar (311)

where AHyoaites X Pvolatites 1S the energy produced due to volatile combustion,
AHjg, is the heat of combustion of the fuel, and p.,, is the proportion of total fuel
mass that produces char. AHyuies 1S the higher or lower heat of combustion
depending on AHyg, is the higher or the lower heat of combustion of the fuel.

The proportion of the fuel mass that is converted to char or volatiles depends on
the fuel type (Albini 1980). Therefore, to estimate the partitioning of heat between
char and volatiles, we need to know more about the composition of the fuels
typically involved in wildland fires. Plant tissues’ main components can be orga-
nized in classes, from organic compounds such as cellulose, hemicellulose, lignin,
and extractives, to minerals and water (Fig. 3.7).

The chemical composition of plant materials (Fig. 3.7) differ by plant parts (e.g.,
wood, stems or foliage), in different conditions (e.g., heartwood vs. rotten wood),
and from different species (e.g., western larch (Larix occidentalis) vs. ponderosa
pine (Pinus ponderosa) vs. saltbush (Atriplex cuneata)), all of which result in
differences in the proportions of char and volatile production and heat of combus-
tion. Rothermel (1976) determined that the heat of combustion was higher for
partially decomposed (‘punky’) wood of Douglas-fir (Pseudotsuga menziesii) due
to the high percentage of lignin compared to solid wood. In addition, seasonal
variations in the chemical composition of vegetation are also important. Philpot
and Mutch (1971) found a 4-7% increase in extractive content for ponderosa pine
needles during the fire season. Philpot (1971) found an increase of extractives during
the fire season from 8 to 12% in aspen (Populus tremuloides) leaves.

Cellulose and hemicellulose are the two major substances in plant tissues. They
are both polymers derived from glucose (Fig. 3.4) that differ in their chain lengths.
However, they have similar combustion properties and are usually combined into a
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single constituent for practical applications. The low heat of combustion for cellu-
lose and hemicellulose has been estimated to be around 16.1 kJ g~' (Chandler et al.
1983). Both cellulose and hemicellulose tend to produce volatile gases during
pyrolysis. However, the presence of inorganic materials, and especially silica-free
minerals, particularly phosphates, promotes the formation of char at the expense of
flammable volatiles.

Although silica does not affect the combustion rate of cellulose (Philpot 1968),
Rothermel (1976) found that the proportion of char formed from cellulose combus-
tion depends upon the proportion of the silica-free mineral content (S.) of the fuel
(Eq. 3.12). In the absence of silica-free minerals, the amount of char produced by
cellulose is less than 1% (0.48-0.92%, Susott 1982).

Water
(w)

Proportion of char from cellulose = 0.092 + 0.5 §,%462 (3.12)

Lignin gives wood its stiffness. It is a heterogeneous polymer that is primarily
derived from coniferyl alcohol (see Fig. 3.4 for a simple representation of lignin
chemistry). Although the chemical composition of lignin differs in hardwoods and
softwoods, their combustion properties are similar. Lignin has a low heat of com-
bustion that is about 50% greater than cellulose (Table 3.3) due to the more complex
chemical bonds, which require more energy to break apart, resulting in slower
decomposition and combustion. That is why rotten or “punky” wood (i.e., wood
that has decayed to the point of being soft) has high percentages of lignin and why it
generally burns more by smoldering than by flaming combustion and does not
contribute directly to the spread of flames in fires (though it does smolder and can
be ignited by embers that then start spot fires (see Chap. 8). The high resistance of
lignin to thermal degradation explains Rothermel’s estimation (1976) that the
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Table 3.3 Indicator values of basic substances in plant material (ash-free) for the proportion of
char produced and their corresponding values for the higher heat of combustion AHH determined
by bomb calorimetry (From Rothermel 1976)

Proportion of char Higher heat of
Substance from combustion combustion AHH (kJ g’l)
Cellulose and hemicellulose 0.092 16.1
Lignin 0.624 24.5
Volatiles 0.285 323

average proportion of dry weight for lignin used to produce flames was as low as
0.376 and that the remaining proportion (0.624 of dry weight) produced char.

Volatiles are low molecular-weight organic compounds that can greatly influence
flammability and fire behavior. There are a number of important volatiles that can
influence fire behavior, including resins that have alpha-pinene, essential oils such as
eucalyptol, and terpenes such as isoprene and isoprene polymers. Volatile com-
pounds such as these have low boiling points “and can form flammable, volatile
mixtures well in advance of the flame front in a forest fire” (Chandler et al. 1983).
Differences in flammability between plant species are often attributed to variation in
volatile oil content. For example, Eucalyptus, which is often considered highly
flammable, can contain up to 3% of highly flammable oils such as eucalyptol
(or 1,8-cineol) (Sebei et al. 2015). The low heat of combustion for volatile com-
pounds is estimated to be around 32.3 kJ g~ ' (Chandler et al. 1983), which is twice
as much as cellulose. Rothermel (1976) indicated that an average proportion of 0.715
of the initial dry mass of volatiles is used to produce flames, whereas only a
proportion, 0.285, of the mass of volatiles produces char.

Minerals, including silica and silica-free ash, also influence the organic matter
consumed in fires. Their presence interferes with the combustion process by causing
an increase in char production and a consequent decrease in flammable volatiles.
Because minerals do not burn, they are often used in fire retardants to suppress
flammability. As mentioned earlier in this chapter, silica and silica-free ash have
different effects on cellulose combustion.

Char is produced from the combustion of all vegetation fuels. Typical values for
the proportion of char from the combustion of the main components of plant material
in fuel are shown in Table 3.3.

The higher heat of combustion for any fuel per unit of dry weight (AHHj,) can
be estimated using an average of the values of the basic substances (AHH,) as in
Table 3.3, weighted by their proportions in the fuel (P;):

AHHp =y . (Px AHH;) (3.13)

If the proportions are expressed as a fraction of dry matter, the proportion of
minerals should be considered with AHH = 0, as minerals do not contribute to the
heat of combustion.
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The consideration of the mineral content of the fuels can be important in some
specific situations. In rotten fuels, the decomposition of organic material results in a
higher percentage of minerals in the chemical composition. Lower duff, where
organic material is mixed with soil material, can also have high mineral content,
as soil fauna commonly mix the organic layers on top of the soil with the surface
mineral soil. This is one of the reasons that the compact duff layers don’t burn
readily in flaming combustion. Minerals can determine the high heat of combustion
for plants that have high mineral content.

Mineral content influences the ignition probability of organic soils. Frandsen
(1987) showed that the limits for smoldering ignition of a mixture of peat moss with
water and mineral soil depended on fuel moisture and mineral content. Later
Frandsen (1997) extended his studies to ignition tests on organic soil samples
from Alaska and the northern and southeastern United States showing that, even
for completely dry peat moss, ignition does not occur when the mineral content of
the fuel is above 81.5% and this limit is much reduced with increasing fuel moisture.

In this example, we are going to estimate the higher heat of combustion for
leaves of valley saltbush (Atriplex cuneata) using Eq. (3.14) and the higher
heat of combustion values in Table 3.3. Valley saltbush grows in semi-arid
parts of the southwestern portion of the USA and is considered to have low
flammability. The saltbush leaves’ composition, measured as proportions of
dry weight, consists of 0.464 cellulose, 0.327 lignin, 0.023 extractives (vola-
tiles), and 0.180 of silica-free ash (Rothermel 1976). Substituting the higher
heat of combustion values from Table 3.3 into Eq. (3.14) results in the
following:

AHHje = 0.464 x 16.1 kJ g~' +0.327 x 24.5 kJ g~ +0.023
x323k] g}
=162kI g (3.14)

We can now estimate the mass of char as a proportion of the initial mass of
the fuel using Eq. (3.12). By summing the product of the proportion of each
component in the fuel by the corresponding proportion of char formed, we get:

Pear = 0.464 x (0.0917 x 0.180°49?) +0.327 x 0.624 + 0.023
x 0.285
=0.358 (3.15)

Thus, we conclude that 35.8% of valley saltbush foliage will become char
during combustion and the remaining 64.2% will produce volatile gases that
are likely to burn in flaming combustion.

With a measurement or estimate of the higher heat of combustion of fuel
(AHHp,o; = 162 kJ g7l ), a constant value for the higher heat of combustion of

(continued)
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char (AHH ., = 29.2 kJ gil), and the proportion of char produced from the
fuel, we can use Eq. (3.10) to calculate the energy available from volatiles:

AHH volatilesXPyolatiles — AHH fuel — AHH, charXP char
=162kl g ' —292kJ g7 ! x 0.358
=57kl g} (3.16)

The variation in the chemical composition of wildland fuels directly results in
different estimates for the lower heat of combustion and its partitioning between
volatiles and char (Fig. 3.8). The typical ranges of variation of characteristics of
common wildland fuel types and the partitioning of the higher heat of combustion
between energy for volatiles and char are shown in Table 3.4.

3.5 Estimating Heat Yield

The higher and lower heats of combustion are best thought of as the maximum heat
generated during combustion. However, in real wildland fire scenarios, other factors
such as incomplete combustion and fuel moisture will decrease the amount of heat
generated relative to the lower heat of combustion. These additional heat losses can
be subtracted from the lower heat of combustion (AHL) to estimate a parameter
known as heat yield (AHY). The relations are shown in Fig. 3.9. Byram (1959)
suggests that the heat yield can be physically thought of as equivalent to the quantity
of heat per unit weight of the fuel burned, “which passes through a cross-section of
the convection column, above a fire burning in a neutrally-stable atmosphere.”

The heat yield and the heat of combustion are often very different from one
another, especially when there is considerable incomplete combustion or fuel mois-
ture. The estimates of the lower and higher heat of combustion assume complete
combustion occurs (i.e., that the oxygen in the air is not limiting the combustion
process, see Chap. 2). However, in actual wildland fires, there is typically a combi-
nation of both flaming and smoldering combustion occurring at the same time.
Smoldering combustion releases less heat and at a lower rate than flaming
combustion.

The values for the lower heat of combustion (AHL) reported in Table 3.2 refer to
the energy release for complete combustion of a dry fuel where only CO, and H,O
are produced. However, when incomplete combustion occurs, carbon monoxide
(CO), methane (CH,), and carbon (C) are produced. The net energy released from
incomplete combustion of dry fuel, or its heat yield (AHY), can be estimated as the
difference between the energy in reactants, which is the high heat of combustion
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Fig. 3.8 Variation of the chemical composition of fuels and effects on the higher heat of combus-
tion (AHH). As cellulose degrades more easily than lignin, decaying fuels have progressively
higher lignin content and therefore higher values of heat of combustion due to char. However, the
heat of combustion by volatiles is higher when cellulose is higher. Ponderosa pine (Pinus
ponderosa) needles and aspen (Populus tremuloides) foliage show high values of heat of combus-
tion due to volatiles mainly from cellulose and extractives. The lower values of heat of combustion
for both stems and foliage of valley saltbush (Atriplex cuneata) are due to the high percentages of
minerals. (Data from Rothermel 1976)

(AHH), the energy for the vaporization of the water of reaction and the energy in the
products from incomplete combustion.

The implications of incomplete combustion on the heat yield of a dry fuel can
be illustrated using the values of 20.1 kJ g~ for the high heat of combustion of
common wildland fuels, the value of 1.4 kJ gf1 for the vaporization of water,
and the values for the lower heat of combustion of products from Table 3.2. We
consider that the products are methane and carbon particles, with a value of
30.0kJ g~ " for C. From the amounts of products generated by the various types

(continued)
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Table 3.4 Reference values of important characteristics for typical fuel materials in wildland fires
showing ash content (%), the fraction of char from combustion (%), the higher heat of combustion
of the fuel (AHH), and its partitioning between energy for volatiles and energy for char (Data from

Susott 1982)

Ash Fraction of char Higher heat of Energy for Energy for
Fuel content in | from combustion | combustion of fuel volatiles char
type |fuel (%) | (%) Kgh kgh &gh
Grasses | 6.5-9.5 21.7-24.6 19.4-20.2 12.0-12.2 7.1-8.2
Foliage |1.5-7.1 25.2-34.0 20.6-23.3 10.9-15.8 7.5-10.6
Stems 2.2-6.1 22.3-27.9 20.0-22.4 10.9-15.2 7.2-9.1
Wood |0.2-0.6 15.4-23.7 19.6-21.0 12.6-14.6 5.0-7.6
Rotten |0.2-0.2 21.3-40.6 20.3-23.1 10.4-13.6 6.8-12.6
wood
Bark 0.5-17.7 27.9-46.9 21.5-24.0 7.7-12.8 8.9-14.3
Duff 31.2-34.1 |35.5-38.8 20.3-23.3 8.9-11.1 11.4-12.2
Fig. 3.9 Schematic ]
diagram of the relation
between heat yield, lower
heat of comt.)ustlon and heat Heat \fi eld
losses from incomplete
combustion and char, and
from vaporization of water Lower heat
in fuel moisture of
. Products from
combustion , ,
incomplete combustion
and char
(complete
combustion
 dry fuel) Water vapor from
(o] ue . .
Ry moisture in fuel

of combustion per unit weight of the fuel (emission factors in Table 2.3) we can
calculate the energy in products. By subtraction from the low heat of combus-
tion, we calculate heat yield (Table 3.5).

Besides combustion completeness, fuel moisture is the other critical factor that
influences the heat yield. Reductions in the heat yield due to fuel moisture occur
as energy is used to heat the water from ambient temperature to boiling point,



58 3 Heat Production

Table 3.5 Calculations of the heat yield associated with wood combustion

Type of combustion

Complete Flaming Smoldering
Equivalent oxygen to fuel ratio | 1.00 0.93 0.80
(EOFR)
Modified combustion effi- 1.00 0.92 0.76
ciency (MCE)
Substances/ Heat of Mass Energy | Mass Energy | Mass Energy
compounds combustion

g™ ke Mg ke (Wg' (ke (g

of fuel) |of fuel) |of fuel) |of fuel) |of fuel) |of fuel)
Fuel (AHH) 20.1 1000 20.1 1000 20.1 1000 20.1
Water of - 559 —1.4 546 —1.4 523 -1.3
reaction
Oxygen (0O,) - 1379 - 1283 - 1103 -
Low heat of 18.7 18.7 18.8
combustion
(AHL)
Carbon dioxide |- 1821 - 1632 - 1283 -
(COy)
Carbon monox- | 10.6 - - 90 —-1.0 257 2.7
ide (CO)
Methane (CHy) |50.1 - - 5 -0.2 15 -0.8
Carbon (C) 32.0 - - 9 -0.3 25 —0.8
Total in 0.0 -1.5 —4.3
products
Heat yield kI g~ ' of 18.7 17.2 14.5
(AHY) fuel)

vaporize the water, and heat the water vapor to the ignition temperature. The effect of
fuel moisture content on the heat yield can be predicted from measurements or
estimates of fuel moisture before or during a fire, unlike combustion completeness.
An additional factor that should be considered when estimating heat yield is the
effect of mineral content. The effect of mineral content on heat yield is commonly
handled by reducing the net fuel load consumed, however it can also be considered
as a reduction in heat generation as shown in Fig. 3.10.

3.6 Implications

Heat is one major product of combustion and is central to understanding how fires
spread and how they impact soils, plants, people, and ecological processes. The
burning characteristics and the heat production associated with different types of fuel
depend upon fuel characteristics. We saw how the mineral content and the fuel
moisture content of the fuel influence heat yield. These two factors are known to be



3.6 Implications 59

a 20
18 ™\ —— |Complete combustion
SO\

16 <
SO\ ———"|Flaming

14 [~ SN

~ N
. N
N N
12 = ~

-l \\\ ------- Smoldering
10 > AN

Heat yield (kJ g")

0
0% 20% 40% 60% 80% 100%
Percent mineral content (%)

18
P~ — \
16 —=

—_——
—_——_

——
—_
—_
—_——

—_—
- —_———
14 ———— —_—

(-] A S A Rl L

10

Heat yield (kJ g™")

—— | Complete combustion

———|Flaming

....... Smoldering

0
0,0 0,2 0,4 0,6 0,8 1,0
Fuel moisture content (M)

Fig. 3.10 Heat yield as a function of combustion completeness and (a) percent mineral content and
(b) fractional fuel moisture content. The results from Table 3.5 are at the left side of these graphs
and the effect of mineral content and fuel moisture are shown by the slope of the lines, considering
that minerals do not contribute to heat yield and considering an average value of 3.0 kJ g~ for the
energy losses due to fuel moisture
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Fig. 3.11 Ignition limits established experimentally for peat moss and extended to various organic
soils (Data from Frandsen 1987, 1997)

determinant of the possibility of ignition as studied for peat mosses by Frandsen
(1987, 1997) as shown in Fig. 3.11.

Minerals and water are also used by people to extinguish fires. Water is widely
used to cool the fire below the point of ignition, and it can be seen as an artificial
means for increasing fuel moisture so much that the fire slows or stops burning.
Similarly, applying sand, dirt, or mineral soil to mix with fuel can be seen as a way to
increase the mineral content of the fuel with all the subsequent reductions in heat
yield and therefore in fire behavior.

In Chap. 4, we will investigate the amount of heat energy required to ignite fuels,
and in Chap. 5, we will look at the transfer of the heat generated during a fire. Then in
Chap. 7, we will link heat production, the heat of pre-ignition, and heat transfer to
investigate the spread of wildland fires.

3.7 Interactive Spreadsheet: COMBUSTION

We use the interactive spreadsheet, COMBUSTION_v2.0, to illustrate the energy
balance of combustion at the same time that mass calculations are made. Details of
the inputs, intermediate results, and outputs of the system are shown in Fig. 3.12. We
encourage adjusting the inputs to see how the intermediate results and outputs
change. Consider the sensitivity of the outputs to different inputs to the combustion
process, and relate that to the potential for fires to continue burning, and perhaps to
burn with great intensity. The heat of pre-ignition, heat transfer during fires, and fire
spread are each addressed in subsequent chapters in our book. The importance of
fuel moisture in the probability of ignition by various sources is illustrated in the
spreadsheet “MASS_TRANSFER_SPOTTING_v2.0” and in chapter 8.
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INPUTS: LOW HEAT OF COMBUSTION EQUIVALENT AIR-TO-FUEL RATIO
2716 kJ / mol 0.92 dimensionless
COMPOSITION OF FUEL
Carbon ( C ) 6.00 FUEL MOISTURE AIR RELATIVE HUMIDITY
Hydrogen (H) = 8.00 0.70 Mf = moisture / dry fuel B0 (percent %)
Owygen (O) 4.00
FUEL INITIAL TEMPERATURE AIR TEMPERATURE

Molar mass 145.0 g/ mol 298 K 208 K
2. HEAT OF COMBUSTION (DRY FUEL) 3. HEAT OF PREIGMTION
per gram of fuel 18.7 kJ / gram Total heat of preignition 2.8 kJ / gram
per gram of cxygen 14.8 kJ / gram To raise the temperature of wood 0.6 kJ / gram
per gram of air 3.4 kJ / gram To raise the temperature of liquid water 0.2 kJ / gram
Ratio oxygen / fuel 1.3 (gram / gram) To vaporize the water 1.6 kJ / gram

To raise the temperature of water vapour 0.4 kJ / gram
4. HEAT IN COMBUSTIELE PRODUCTS 4. ADJUSTED HEAT YIELD
Heatin CO, CHs and C 1.68 kJ / gram per gramof fuel 14,3 kJ/ gram

per mole of fuel 2072 kJ / mole

6. EMISSIONS 5. ESTIMATED FLAME TEMPERATURE

Emission faciors Estimated temperature of gases in the flame 1706 K
Water vapor (H:0) 1309 g/ kg Heat capacity of the mixure of products (per mol of fuel) 1472 JIK
Carbon dicxde (COz) 1605 g / kg Esti i increase in e 1408 K
Carbon monoxdde (CO) 103 g/ kg

Methane (CHy) 4g/kg

Other Hydrecarbons (HC) 3g/kg

Particles < 2.5pm 7g9lkg

Particles < 10pm Bglky

Total Particles 10g/kg

Fig. 3.12 Details of inputs, intermediate results, and outputs of the spreadsheet,
COMBUSTION_v2.0, showing the relevant parts of the energy balance allowing to derive heat
yield from the lower heat of combustion. Note that these calculations are only approximations
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Chapter 4 )
Heat for Pre-ignition and Flames oy

Learning Outcomes
Upon completion of this chapter, you will be able to

1. Explain the relationship between heat and temperature,

2. Understand how fuel characteristics influence the heat required for
pre-ignition,

3. Describe in your own words how the low heat of combustion and excess air
influence the estimated flame temperature, and

4. Use the interactive spreadsheet, titted COMBUSTION, to explore the
implications of changing inputs for predicted outputs, then interpret those
implications and why they are important.

4.1 Introduction

Before fuels can ignite, they go through a pre-ignition phase that removes water and
other liquid volatile compounds from the fuel through dehydration and distillation
and converts the solid fuel to flammable gases through a process called pyrolysis
(See Chap. 1, Fig. 4.1). These gases are then heated up until combustion occurs. The
temperature at which ignition occurs is called the ignition temperature (See Sect.
1.3). The energy required to dehydrate fuel, convert the solid fuel to flammable
vapors through pyrolysis, and heat the gas mixture up to the ignition temperature is
termed heat of pre-ignition. In this chapter, we investigate the various components
associated with estimating the heat of pre-ignition. Following our discussion of the
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Fig. 4.1 Diagram showing the heat of pre-ignition required to increase the temperature of the fuel
(with all its components) to release flammable gases. In this chapter, we focus on the colored portion
of this diagram

heat of pre-ignition, we calculate the adiabatic flame temperature based upon the low
heat of combustion and heat yield calculations from Chap. 3 and the concepts of heat
capacity that we illustrated in the estimation of the heat of pre-ignition. For fires to
burn, there must be enough heat from ignition and burning of one piece of fuel to
drive off moisture, thermally degrade the solid organic matter in the fuel, and
volatilize the flammable gases. The energy required for raising the temperature of
the fuel from ambient to the ignition temperature is called the heat of pre-ignition. If
less heat is produced than is needed to ignite additional fuel, the fire will go out. Fire
suppression actions often exploit this understanding to know when and where
particular actions will be effective.

4.2 From Heat Supply to Temperature Rise: Specific Heat
Capacity

In Chap. 3 we discussed the heat of combustion with no mention of temperature.
Heat is “energy that is transferred as the result of a temperature difference between a
system and its surrounding” (Atkin and Jones 2005). In contrast, the temperature is
an “intensive property that determines the direction in which heat will flow between
two objects in contact”. The relation between the two is expressed by the heat
capacity, defined as “the ratio of heat supplied to the temperature rise produced”
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Fig. 4.2 Two pioneering British scientists whose names are now used for the units of energy
(Joule) and temperature (Kelvin) in the International System. (a) James P. Joule (1818-1889)
(Shuster and Shipley 1917) (b) William Thomson, Lord Kelvin (1824-1907) (Dickinson n.d.)

(Atkin and Jones 2005). The heat capacity is an extrinsic property since the amount
of heat required to raise the temperature of an object depends upon the size of the
object. Dividing the heat capacity by the mass of the sample heated results in an
estimate of the specific heat capacity. The specific heat capacity can be thought of as
the amount of heat energy that is required to raise a unit mass of a substance by one
degree of temperature.

The units of the International System for heat (or energy) are Joules (J) and for
temperature are degrees Kelvin (K), after the names of two important British
scientists (Fig. 4.2). The unit Joule is the heat required to raise the temperature of
1 g of water by 0.24 K. Alternatively, we can say that we need 4.2 J to raise the
temperature of 1 g of water by 1 °K.

The relation between heat, temperature, and specific heat capacity is:

_9
AT_C_,, (4.1)

where AT is the temperature difference in degrees K, Q is the heat supplied in Joules
per unit mass (J g~ '), and C, is the specific heat capacity which has units of energy
per unit of temperature per unit mass of the substance (Joules per degree Kelvin per
gram, J K~ ' g7 '). Using Eq. (4.1) it is possible to estimate the temperature rise of an
object based on its exposure to heat and its heat capacity.


https://en.wikipedia.org/wiki/Heat

66 4 Heat for Pre-ignition and Flames

Table 4.1 Reported values of specific heat capacity at constant pressure (C,,) for various materials
involved in wildland fires

Specific heat capacity (Cp) (J K 'g™h
Temperature (K)
Phase Material 300 K 600 K 1200 K
Solid Woody fuels 1.1-2.0
Minerals 0.8-1.0
Humus 1.8-2.0
Soils 1.0-1.8
Liquid at 300 K Water 4.18 2.02 243
Isoprene 2.24 2.51 3.51
Gas at 600-1200 K Monoterpenes 1.84
Eucalyptol 1.76
Gas Nitrogen 1.04 1.08 1.20
Oxygen 0.92 1.00 1.12
Carbon dioxide 0.85 1.08 1.28
Carbon monoxide 1.04 1.09 1.22
Dry air 1.01 1.05 1.18

Data from Anderson (1969), Rothermel (1972), Chandler et al. (1983), Jury et al. (1991), Dickinson
and Johnson (2001), Atkin and Jones (2005) and Incropera et al. (2006)

Estimates of specific heat capacity (C,) vary among different materials, with
temperature, and for different states of matter (Table 4.1). For example, it takes
between two and four times more energy to raise the temperature of liquid water by
1 °K than it does to raise the temperature of woody fuels. Similarly, the amount of
energy required to raise the temperature of one gram of liquid water by 1 °K requires
about two times more energy than vapor water (Table 4.1). During a phase change,
such as from a liquid to a gas, the heat capacity is technically infinite because the
energy is used to change the state of matter and not increase the temperature. For
these reasons, the temperatures associated with the heating of wildland fuels to the
pilot ignition temperature are divided into temperature ranges and by the state of
matter and assigned an average value of C, (Table 4.1).

4.3 From Heat Supply to Phase Changes: Latent Heat
of Vaporization

In the pre-ignition process, the total energy required is based on both the fuel’s heat
capacity and the energy associated with phase changes. The amount of energy
absorbed or released during a phase change without changing its temperature is
called the latent heat. The amount of energy associated with changing a solid to a
liquid is termed the latent heat of fusion and the amount of energy associated with
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Table 4.2 Temperatures of vaporization (T,), latent heat of vaporization (L,), piloted-ignition
temperature, and the auto-ignition temperatures for water and three volatiles: isoprene, monoter-

pene, and eucalyptol)

Temperature Latent heat

of vaporization of vaporization | Piloted-ignition Auto-ignition
Liquid (T, in °C) (LyinJ gfl) temperature (°C) temperature (°C)
Water 100 2257 - -
Isoprene 34 425 —54 427
Monoterpenes | 155 263 38 255
Eucalyptol 176 267 269 269

Temperatures are reported in °C as common in many references (Data summarized from NIST
2018, Royal Society of Chemistry 2020, and NCBI n.d.)

changing a liquid to a gas is called the latent heat of vaporization (L, generally
measured in J g ).

In wildland fuels, the concept of latent heat is especially important due to the
formation of water vapor during combustion, any additional water associated with
fuel moisture, and the distillation of liquid volatile compounds. The temperature at
which a compound changes from a liquid to a solid is called the temperature of
vaporization (or boiling point) (T, generally expressed in °C or K). Table 4.2 shows
common values of the temperature of vaporization (T,) and the latent heat of
vaporization (L,), and the piloted- and auto-ignition temperatures for water and
three volatile compounds commonly involved in vegetation fires (isoprene, mono-
terpenes, and eucalyptol).

From Table 4.2 it can be seen that the latent heat of vaporization of volatiles is
much lower than that of water. Also, it shows that isoprene vaporizes at relatively
low temperatures, 34 °C, and can ignite readily if given an ignition source, whereas
monoterpenes and eucalyptol require higher temperatures to vaporize, but they have
lower auto-ignition temperatures.

4.4 Evaluating the Heat of Pre-ignition for Wildland Fuels

The total heat required for pre-ignition (Qjg) expressed per unit mass of fuel can be
estimated as the sum of two main components:

1. The heat required to increase the temperature of the dry fuel to the ignition
temperature (Qgi,) and

2. the heat required to heat liquid water from fuel moisture to water vapor up to the
ignition temperature (Q,,).
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4.4.1 Estimating the Main Components of the Heat
of Pre-ignition

The first component to be considered is the energy required to raise the temperature
of the dry fuel to ignition temperature. This can be calculated as:

Quic = Cpa(Tig — Ta) (4.2)

where Qgi, is the amount of energy in J required to heat a unit mass of a substance
from its ambient temperature (T,) to the ignition temperature (Ti,), and C,q is the
specific heat (heat capacity) of the substance (J g~ ' K™ ).

The second component required to calculate the heat of pre-ignition is the energy
needed to heat the liquid water in the fuel from its ambient temperature to water
vapor at ignition temperature (Q,,) and it is expressed per unit mass of fuel. This
component is calculated from three main sub-components: the energy required to
heat liquid water in the fuel up to the boiling point (Qy), the latent heat of
vaporization (L,), and the energy needed to raise the temperature of the water
vapor up to the ignition temperature (Q,,y). These values are expressed per unit of
mass of water. To express the total energy required to heat the water from its ambient
temperature to water vapor at the ignition temperature per unit mass of dry fuel (Q,,),
we multiply the sum of the three components discussed above by fuel moisture
(M) represented as a ratio between liquid water and dry matter in the fuel:

Qm =M ( le + LV + Qwv) (43)

The amount of energy required per unit mass of water to raise the temperature of
the liquid water from the ambient temperature to the boiling point (Q) can be
estimated by multiplying the difference between ambient temperature (T,) and
vaporization temperature (T,) by the specific heat capacity for liquid water (Cpy,1):

le = prl(Tv - Tu) (44)

After the liquid water is converted to a vapor, requiring the latent heat of
vaporization (L,), additional energy is needed to increase its temperature from
boiling temperature to the temperature of ignition. This is estimated as:

QWV = prv (Tig - Tv) (45)

where Q. is the amount of energy per unit mass of water required to raise the
temperature of water vapor from the temperature of vaporization (T,) to the ignition
temperature (Tjg), and C,,,y is the specific heat of water vapor.

Byram (1959) adds another component which is the amount of heat required for
the separation of bound water from the fuel. Bound water is water that is chemically
bonded to cellulose through hydrogen bonds. More energy is required to remove this
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water as fuel moisture decreases (Chandler et al. 1983). This heat of separation of
bound water was approximated to a maximum value of 120 kJ per gram of dry fuel
by Byram (1959), but it is often not considered in Q; calculations as it is a relatively
small amount of energy (Van Wagner 1972).

4.4.2 Combining the Components of the Heat of Pre-ignition
of the Fuel

The amount of heat required to raise dry fuel and the fuel moisture to the ignition
temperature is the heat of pre-ignition (Q;,), which can be estimated by summing the
two main components discussed in Sect. 4.4.1:

Qig = Qdig + Qm = Qdig +M ( le + Lv + Qwv) (46)

The calculation of the heat of pre-ignition of wood illustrates the process.
First, we compute the energy required to raise the temperature of dry fuel to
ignition (Qg;e). For this example, let us assume that the initial temperature of
the dry wood is 300 K (27 °C) and that the ignition temperature is 600 K
(327 °C). Using Table 4.1 we can consider the specific heat capacity of dry
wood as 1.30 JK~' g~ Substituting these values into Eq. (4.2), we see that it
takes 390 J of energy to raise 1 g of dry wood to the ignition temperature
(Eq. 4.7):

Qi = 1.30(600 — 300) =390 g~ (4.7)

Next, we can calculate the amount of energy it takes to raise the temperature
of one gram of water from initial (or ambient) fuel temperature to the boiling
point (Q,,;)). With an ambient temperature of 293.15 K (20 °C), the boiling
temperature of 373.15 K (100 °C), and the specific heat for liquid water of
4203 K ' ¢! (Table 4.1) we have:

0, = (4.20) x (373.15 — 293.15) =336J g ! (4.8)

Once the liquid water is heated up to the boiling point, we calculate the
energy required to convert it from a liquid to a vapor. Assuming standard
atmospheric pressure, the amount of energy required to convert 1 g of liquid
water to vapor water is 2257 J g~ '. We treat L, as a constant.

Using a specific heat for water vapor C,,,,,, of 1.92 ] K ' g™, atemperature
of ignition (77,) of 593.15 K and a boiling temperature (7},) of 373.15 K, the

(continued)
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Fig. 4.3 Comparison of heating curves for dry fuel (as wood) and water (fuel moisture), with heat
supplied per unit mass (J g~') and the resulting temperature increase (°C). These values represent
heat supplied per unit mass of dry fuel (red line) and per unit mass of water (blue line), indepen-
dently. The heat required to raise 1 g of liquid water to water vapor at ignition temperature is greater
than that required to raise 1 g of dry fuel to ignition temperature

energy needed to raise the temperature of water vapor to ignition temperature
is:

0,, = (1.92) x (593.15 — 373.15) =422 T g~ .
1.92) x (593.15 — 373.15) =422 g~ 4.9

By combining the values obtained using Egs. (4.5) and (4.7) and assuming
a latent heat of vaporization of 2257 J g~ we calculate that 2986 J of energy is
required to heat 1 g of water from an initial temperature of 300 K to an ignition
temperature of 593.15 K. Assuming 100% fuel moisture content (M = 1), we
get:

(continued)
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0,, = 1(336+2257 +422) =3015J g (4.10)

With these results, we represent the relationship between heat supplied per
unit mass of water in fuel moisture and the heat supplied per unit mass of dry
fuel, and the corresponding temperature rise is shown in Fig. 4.3.

Using the boiling, ignition and ambient temperatures and specific heat
capacities, and the heat of vaporization for water from the example above,
we can approximate the heat of pre-ignition for wood as:

Qi =390J g™+ (M)3015T g (4.11)

Some fuel types may require considering additional components when estimating
the heat of pre-ignition. For fuels that have a large proportion of liquid volatile
compounds, the heat of pre-ignition can include an additional adjustment for the
energy required to heat these compounds from ambient to ignition temperature. The
inclusion of liquid volatile compounds would include three parts: (1) the energy
required to heat the compound from ambient temperature to its heat of vaporization,
(2) the latent heat of vaporization for the compound and, (3) the energy required to
heat the compound in gas up to ignition temperature. This addition would mirror the
calculations presented for fuel moisture in Sect. 4.5. The effect of a common liquid
volatile compound (eucalyptol) on the heat of pre-ignition for a typical fuel with
10% volatiles and a fuel moisture content of 30% is shown in Fig. 4.4. Fuel moisture
has the largest effect on the heat of pre-ignition followed by the dry fuel and finally
the liquid volatile compounds.

The presented heat of pre-ignition calculations assume all heating during
pre-ignition occurs in the solid phase. In other words, it is considered that the heat
energy required to dehydrate and bring the fuel and water vapor to ignition temper-
ature is sufficient for assessing fire behavior.

4.5 Flame Temperatures

In Sects. 4.2 through 4.4, we assessed how much energy is required to raise fuel
temperature from ambient to ignition temperature, represented in the grey boxes in
Fig. 4.5. Following ignition, the energy produced by combustion increases the
temperature of combustion products, including water vapor, nitrogen, and excess
air, leading to an overall increase in flame temperature, as shown in yellow boxes in
Fig. 4.5.

The adiabatic flame temperature is the theoretical maximum temperature of the
flaming gases produced during combustion. This theoretical value is estimated by
assuming that there are no heat losses due to radiation from the flame. In other words,
all the energy produced during combustion is used to heat the products. Therefore,
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Fig. 4.4 The heat supplied per unit mass of dry fuel (Q;, in J ¢! accumulated for all fuel
components as a function of temperature (°C). The example illustrates heating from an initial
temperature of T, = 27 °C (300 K) to the ignition temperature of Tj; = 320 °C (close to 600 K). The
example uses an extractive content (mass of extractives per mass of dry fuel) of 0.1 and a 0.3
moisture content (M). The extractive considered here is eucalyptol with boiling temperature
T, = 176 °C, latent heat of vaporization L, = 276 J g~', and heat capacities (Cp) of
187 g 'K 'and 1.27 g~' K™! for the liquid and gas phases, respectively. All values follow
Tables 4.1 and 4.2

the adiabatic flame temperature is never attained in the real world because flames
emit radiation to their surroundings.

To estimate adiabatic flame temperature, we first compute the amount of energy
required to increase the temperature of the products based on their mass (G;) and
specific heat capacity (Cp):

Sum of heat capacities for the products = Z:;l (G,-C p,-) (4.12)

where G; is the mass of gas i involved per unit mass of fuel (dimensionless), and C,,;
is the specific heat of gas i (J g ' K™"). The products include all gases involved in the
combustion process, including any excess oxygen, nitrogen in the air, water vapor,
carbon dioxide, and carbon monoxide. We then estimate the increase in temperature
by dividing the amount of energy generated during combustion by the sum of the
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Radiation “losses”

Flame
Temperature
Heating of
Heat for Heating of gases of
flames combustion Heating of water vapor liquid
gases volatile
compounds
Ignition
Temperature
Raise water vapor to ignition Heating
temperature of air
Raise the - | Heating of
Heat temperature liquid
of of the dry Vaporization of water volatiles to
pre- fuel their boiling
ignition (including - point and
of fuels minerals) to Raise the temperature of fuel vaporization
ignition moisture to beiling point
Separation of bound water from wood Ambient
- Temperature
Fuel Dry fuel Water from fuel Volatiles Air

components

Fig. 4.5 The energy components mentioned in the text. The heat of pre-ignition of fuels is the
energy absorbed by dry fuel, fuel moisture, and volatiles to reach ignition temperature. Heat for
flames is the energy absorbed by air, gases of volatile compounds, water vapor, and combustion
products to reach flame temperature. Radiation “losses” are also represented; this is heat radiated
into space

product’s heat capacities (Eq. 4.13). The maximum heat potentially generated during
combustion is commonly estimated using the low heat of combustion (AHL). To
increase the temperature of the gases in the flame, we calculate:

AT = AL (4.13)

27:1 (Glcpf)

where AHL is the low heat of combustion in J g~', Cp; is the specific heat of gas i
d gfl Kil), and AT is the temperature increase of gases (°C or K). The final
adiabatic flame temperature is then estimated by adding the increase in temperature
(AT) to the initial ambient temperature (7,):

Adiabatic flame temperature = T, + AT (4.14)

For example, we can calculate the adiabatic flame temperature for the
complete combustion of methane in oxygen using Eq. (4.14) and the stoichio-
metric chemical equation (Eq. 4.15) and it’s equivalent in terms of mass and
energy per unit mass (grams) of fuel (Eq. 4.16):

(continued)
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CHy + 20, — CO, + 2H,0 + 802 kJ mol ™ (4.15)
1gCH, + 4g0, — 2.75gC0; + 2.25gH,0 + 50.1 kJ (4.16)

From Table 2.5, we know that the ratio of the mass of the proportions of
nitrogen in air (75.52%) to oxygen (23.14%) is 3.26. Therefore, each gram of
oxygen combustion in dry air involves 13.04 g of nitrogen that must be
accounted for:

1gCH, + 450, — 2.75g CO, + 2.25g H,0 + 13.04g N, + 50.1 kI (4.17)

Using specific heats for a temperature of 1200 K from Table 4.1, we can
estimate the amount of energy required to increase the temperature of the
gases:

Z (GiCpi) = (275 x 1.28) + (2.25 x 2.43) + (13.04 x 1.2)

i

=24.6Jg 'K™! (4.18)

Thus, for the complete combustion of 1 g of methane in the air, it will take
approximately 24.6 J of energy to raise the temperature of the products by
1 degree K.

Assuming a low heat of combustion of 50.1 kJ per gram of methane
(Table 3.2) and an initial temperature of 298 K (25 °C) the adiabatic flame
temperature for methane is estimated as:

50100 g~ ')

Tug=298K + (>—— -8 )
ad * <24.6 Jg K !

) = 2335K (4.19)

When wildland fuels burn, estimating flame temperature is far more complex than
we assumed using Eq. (4.14). The temperature of a flame generally varies across its
width and height, attaining maximum values near its base and decreasing with height
(Wotton et al. 2012). The flame flow is turbulent in wildland fires, so the tempera-
tures at any given point in the flame, especially near the edges, will fluctuate widely.
Thus, measurements of flame temperature will record large fluctuations in time with
averages of approximately 800—1000 °C (Quintiere 1997). The theoretical higher
and lower limits of these fluctuations are the adiabatic flame temperature and the
ambient air temperature. In addition, in Eq. (4.13) we used the low heat of combus-
tion, which, as shown in Chap. 3, Sect. 3.4, is typically much greater than the actual
heat yield during a fire. In the example calculation of adiabatic flame temperature in
Sect. 4.5, we assumed that the combustion reaction occurred in pure oxygen. The
adiabatic flame temperature for a given fuel will always be greater when combustion
occurs in pure oxygen than when combustion occurs in the air because some portion
of the low heat of combustion is used to raise the temperature of the nitrogen in the
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air. Furthermore, the air entrained into the flame can be up to two times greater than
what is required in the stoichiometric combustion reaction (Steward 1964; Van
Wagner 1974; Nelson 1980), which would result in further reductions in flame
temperature. We can account for the effect of excess air on flame temperature by
introducing an entrainment factor ranging from zero (no excess air entrainment) to
2 (excess entrainment twice the value of the stoichiometric amount).

4.6 Implications

For fires to be sustained, there must be enough heat from one burning piece of fuel to
ignite the next piece of fuel. Thus, this is a balance between the heat available and the
heat needed to heat the next piece of fuel enough to drive off moisture, thermally
degrade the solid organic matter in the fuel, and volatilize the flammable gases. This
process, therefore, takes energy. The energy required for raising the temperature of
the fuel from ambient to the ignition temperature is called the heat of pre-ignition. If
there is less heat produced than is needed to ignite additional fuel, the fire will go out.
Based on dead fuel moisture content, both prescribed burning and fire suppression
actions exploit this understanding to know when and where particular strategic
actions will be effective, and perhaps where no action is needed to contain fires.

Estimations of flame temperature are useful to understand the processes involved
even if flame temperatures vary more within a flame than they do between flames. In
the next chapter, we use this knowledge in the context of heat transfer from fires.
Heat transfer from flaming and smoldering combustion is critical to connecting fire
behavior to fire effects, though geometry, the variables controlling the flow of air and
heat, and material properties also influence flame temperatures and how heating from
flaming and smoldering combustion affects people and ecosystems.

In this chapter, we also saw how heat capacity and latent heat are used to calculate
the adiabatic flame temperature. The flame temperatures and emissivity are critical
for estimating heat fluxes and the effects of fire on the plants and animals and fire
safety (Chaps. 9 and 10). The relative importance of fuel composition, fuel moisture,
and completeness of combustion to flame temperature can be explored using the
interactive spreadsheet included in this chapter.

4.7 Interactive Spreadsheet: COMBUSTION

Please use the interactive spreadsheet, COMBUSTION_V2.0, to explore the effects
of fuel composition, fuel moisture, completeness of combustion, excess air, and
other factors on the heat of pre-ignition and flame temperature. With the graphical
output, you can readily visualize how outputs change with different input conditions.
By evaluating how much outputs change in response to small changes in the inputs,
you can evaluate how sensitive the estimates could be to environmental conditions,
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INPUTS: LOW HEAT OF COMBUSTION EQUIVALENT AIR-TO-FUEL RATIO
2716 kJ / mol 0.92 dimensionless
COMPOSITION OF FUEL
Carbon ( C ) 6.00 FUEL MOISTURE AIR RELATIVE HUMIDITY
Hydrogen (H) = 8.00 0.70 Mf = moisture / dry fuel B0 (percent %)
Owygen (O) 4.00
FUEL INITIAL TEMPERATURE AIR TEMPERATURE

Molar mass 145.0 g/ mol 298 K 208 K
2. HEAT OF COMBUSTION (DRY FUEL) 3. HEAT OF PREIGMTION
per gram of fuel 18.7 kJ / gram Total heat of preignition 2.8 kJ / gram
per gram of cxygen 14.8 kJ / gram To raise the temperature of wood 0.6 kJ / gram
per gram of air 3.4 kJ / gram To raise the temperature of liquid water 0.2 kJ / gram
Ratio oxygen / fuel 1.3 (gram / gram) To vaporize the water 1.6 kJ / gram

To raise the temperature of water vapour 0.4 kJ / gram
4. HEAT IN COMBUSTIELE PRODUCTS 4. ADJUSTED HEAT YIELD
Heatin CO, CHs and C 1.68 kJ / gram per gramof fuel 14,3 kJ/ gram

per mole of fuel 2072 kJ / mole

6. EMISSIONS 5. ESTIMATED FLAME TEMPERATURE

Emission faciors Estimated temperature of gases in the flame 1706 K
Water vapor (H:0) 1309 g/ kg Heat capacity of the mixure of products (per mol of fuel) 1472 JIK
Carbon dicxde (COz) 1605 g / kg Esti i increase in e 1408 K
Carbon monoxdde (CO) 103 g/ kg

Methane (CHy) 4g/kg

Other Hydrecarbons (HC) 3g/kg

Particles < 2.5pm 7g9lkg

Particles < 10pm Bglky

Total Particles 10g/kg

Fig. 4.6 Details of inputs, intermediate results, and outputs of the spreadsheet,
COMBUSTION_v2.0, showing the relevant parts of the energy balance used in deriving the
maximum estimated flame temperature from the lower heat of combustion, combustion complete-
ness, and fuel moisture. Note that these calculations are only approximations

errors in measurement (e.g., of fuel moisture) or assumptions. Details of the inputs,
intermediate results, and outputs of the system are shown in Fig. 4.6. We encourage
adjusting the inputs to see how the intermediate results and outputs change. Consider
the sensitivity of the outputs to different inputs to the combustion process and relate
that to the potential for fires to continue burning and perhaps to burn with great
intensity. Heat transfer during fires and fire spread are each addressed in subsequent
chapters in our book.
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Chapter 5 )
Heat Transfer Gt

Learning Outcomes
After reading this chapter and using the interactive spreadsheet, we expect that
you will be able to

1. Explain the four different modes of heat transfer, including how they differ
and when each is dominant,

2. Describe in your own words the processes of heat transfer in vegetation
fires, and

3. Use the interactive spreadsheet to explore the relative importance of the key
factors influencing heat transfer from fires, and then discuss the implica-
tions of your findings.

5.1 Introduction

When plants photosynthesize, they make chemical bonds to form organic com-
pounds. In vegetation fires, a large amount of heat is released as the chemical
bonds in organic compounds are broken, as shown in the previous chapters. In this
chapter, you will learn about how the heat generated during a wildfire is transferred
to soil, fuel, atmosphere, and space (Fig. 5.1). The implications of heat transfer
presented in this chapter will be developed further in our discussion of fire behavior
and effects on plants, soils, and animals in Chaps. 7, 8, and 9.

The understanding of the modes of heat transfer has many applications. Consider,
for example, the case when a woodland savanna burns. We know that heat from fires

Supplementary Information The online version of this chapter (https://doi.org/10.1007/978-3-
030-69815-7_5) contains supplementary material, which is available to authorized users.
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Fig. 5.1 When a fire is burning, the heat produced is transferred through convection, radiation,
conduction, and mass transport. Some heat goes into the soil, some into the fuel, and some into
atmosphere and space. How much heat goes where has implications for both the effects of and
management of fires

can kill above-ground living tissue in vegetation, but we also know that bark can provide
insulation protection. Thus, while small trees, grasses, and shrubs are often top-killed,
larger trees often survive when the surface fuels burn. With their big, scattered trees in a
sea of grasses, Savannas support many plants and animals that are well adapted to
frequent fires, but how do they survive if those surface fires burn with very high
intensity? When fires burned in Australian forests, how did the heat from fires transfer
to where it affected animals such as koalas (Fig. 5.2)? Think about these applications as
you learn about heat transfer, for these processes are key to the effects of fires.

5.2 Modes of Heat Transfer

All important processes occurring in fires, from molecular kinetics to large scale fire
behavior and fire effects, are associated with the transfer of energy due to temper-
ature differences. For sustained combustion to occur, the heat energy generated
(Chap. 3) and transferred to unburned fuel must be sufficiently large to heat the
fuel to ignition temperature (Chap. 4). Similarly, understanding the transfer of heat
energy from the combustion zone to the soil, plants, and the atmosphere is critical to
estimate many important fire effects (Chaps. 9 and 10). In this chapter, we focus on
understanding the various modes of heat transfer, which is defined as ‘“thermal
energy in transit due to a spatial temperature difference” (Incropera et al. 2007).
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Fig. 5.2 A koala bear seeking protection in a tree during 2020 Australian bushfires. Heat may be
transferred from the fire to koalas by radiation from flames, by mass transport of firebrands, by
convection with hot gases, and by direct consumption of tree leaves and bark, all contributing to
temperatures that burn the animal skin. Similar processes govern the safety of fire personnel and
buildings (see Chap. 10), or trees (see Chap. 9). (Photograph by Andrea Izzotti)

There are four modes of heat transfer. In addition to radiation, conduction, and
convection, the mass transport of solid hot particles, called firebrands, also occurs.
Firebrand transport occurs when winds carry solid burning material meters or
kilometers ahead of the fire front. This phenomenon is often called spotting and
can play an important role in fire spread (See Chap. 7) and is associated with extreme
fire behavior (See Chap. 8).

One way to visualize heat transfer is to envision the interactions between a hot
and cool molecule (Fig. 5.3). Radiation occurs when energy is transferred from the
hot molecule to the cool molecule through space by electromagnetic waves. Con-
duction occurs when energy is transferred through collisions between neighboring
molecules or atoms. Convection is the transport of energy due to the bulk movement
of molecules within a fluid by the movement of the energized molecule, and solid
mass transport occurs when solid particles are transported through space (Fig. 5.3).

The four modes of heat transfer can also be understood by visualizing a spreading
fire (Fig. 5.4). Radiation is the heat energy you feel when standing several meters
away from a fire. Radiation in a wildfire occurs mostly in the form of infrared waves
and visible light and spreads out in all directions. As you get closer to the fire, the
amount of heat you feel increases. Convection is the hot air that is transported away
from the flames due to buoyancy. Convective transport is most obvious when you
see smoke being lifted up and away from the fire. However, convective heat transfer
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Radiation
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Convection

Mass transport

Fig. 5.3 Representation of heat transfer modes from the source molecule (orange) to the receiver
molecule (blue) by radiation with the transport of energy by electromagnetic waves, conduction
with energy transfer between adjacent molecules, convection where there is a movement of the
energized molecule, and solid mass transport where the source molecule moves
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Fig. 5.4 A simplified view of the main heat transfer modes involved in different parts of a
spreading fire

also commonly occurs near the base of the flame where buoyancy induced vorticity
and instabilities can significantly increase local heat transfer rates (see Chap. 7 for
further discussion). Solid mass transport, or spotting, is often dependent upon
convective flows that carry the burning material away from the flames. Convection,
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Fig. 5.5 James Watt,
British mathematician and
engineer (1736-1819)
(Partridge 1806)

radiation, and solid mass transport are the dominant heat transfer modes associated
with fire spread. Because gases such as air and wildland fuel beds are poor conduc-
tors, we often ignore the role of conductive heat transfer in fire spread. However,
conduction is critical for understanding many fire effects such as heat transfer
through the soil or cambium heating through a tree bole.

Heat transfer rate can be measured as the amount of energy transferred per unit
time (e.g., Watts or Joules per second, Eq. (5.1)), or as heat flux which is the energy
transferred per unit of time and unit area of the corresponding surface (e.g., Watts per
square meter, Eq. (5.2)). The unit of heat transfer, Watt, is named in recognition of
the work of James Watt (Fig. 5.5). Thus,

Heat transfer rate (Watts) = Energy (Joules)/Time (seconds) (5.1)

Heat flux (Watts per square meter) =

Energy (Joules)/Time (seconds)/Area (square meters)

5.3 Radiation

All objects with a temperature above absolute zero emit energy via electromagnetic
radiation because of vibrational and rotational movement of their molecules and
atoms (Fig. 5.3). Unlike conduction and convection, heat transfer by thermal radi-
ation does not necessarily need a material medium for energy transfer. Radiative heat
transfer can pass through a vacuum such as in outer space, a liquid, or a gas such as
air. The transmission of radiative energy through a vacuum is more efficient than
through gases and liquids because the latter contain atoms and molecules which can
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Fig. 5.6 The electromagnetic spectrum with the range of wavelengths including thermal radiation.
(Data from Lillesand and Kiefer 1979)

absorb, or reflect, radiative energy. However, the ability of an object to absorb or
reflect radiative energy depends on the wavelength emitted, the temperature, and
emissivity.

The electromagnetic spectrum includes various types of radiation, including short
wavelengths (Gamma rays) to long wavelengths (microwave). The range called
“thermal radiation“includes wavelengths between approximately 0.1 and 100 pm,
including all the infrared, visible, and some of the ultraviolet portion of the electro-
magnetic spectrum. The power emitted by an object is directly proportional to its
frequency (v) and inversely proportional to wavelength (A). The energy associated
with radiation increases as the wavelength decreases (Fig. 5.6).

The spectral emittance, the energy emitted per unit wavelength interval, of an
ideal “blackbody” as a function of temperature and wavelength can be calculated
using Eq. (5.3). A “blackbody” is an idealized object that absorbs all radiation that it
receives and emits radiation at a consistent frequency that depends only on its
temperature:

h -1
u(A,T) = Zﬂhpcz/l_s{ exp []Qgii;ii] - 1} (5.3)

where u (A, T) is the spectral radiant emittance (W m 2 pmfl), A is the wavelength
(pm), T is the absolute temperature (K), hp is Planck’s constant (6.626 X 1073 75),
kg is Boltzmann constant (1.381 x 1072 J K™"), and ¢ is the speed of light
(3.00 x 102 m sfl). This relationship between emittance and wavelength for
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Fig. 5.7 Spectral radiant emittance, or the energy emitted by an ideal “blackbody*“per unit
wavelength interval (pm) within the thermal radiation range (wavelength between 0.1 and
100 pm) as a function of absolute temperature and wavelength. Note the logarithmic nature of the
two axes, allowing for a representation from the temperature of the Sun to the temperature of Earth
through values typical of wildland fires

different temperatures is illustrated in Fig. 5.7 using wavelength in microns
(1 pm = 107° m).

The area under a spectral radiant emittance curve provides an estimate of the total
radiative power (P},) of a blackbody. The power radiated from a “blackbody” can be
estimated using the Stefan-Boltzmann law (Eq. 5.4), which states that the total
radiative power emitted by a “blackbody” per unit surface area for all wavelengths
is directly proportional to the fourth power of the object’s temperature:

P}, = GSBT4 (54)

where Py, is the total radiative power (kW m 2), ogp is the Stefan-Boltzmann
constant (5.67 X 107" kW m™2 K_4), and T is the absolute temperature of the
emitting blackbody (K).

Recall that “blackbody” objects represent an ideal emitter in that for a given
temperature no real object emits more radiation than a “blackbody”. To account for
differences in radiative power between a “blackbody” and real-world objects, we can
include an additional term into Eq. (5.4) called the emissivity (¢). Objects which
deviate from the “blackbody” assumption are commonly referred to as “grey body”
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objects. The emissivity is the ratio of actual radiation emitted to the maximum
radiation emitted by a “blackbody”. Total radiative power for a “grey body” (P,)
object can be estimated with Eq. (5.5). The differences in radiative power for various
emissivities across a range of temperatures is shown in Fig. 5.8:

P, = eo5pT* (5.5)

Due to the heterogeneous and turbulent nature of flames, it can be difficult to
estimate the flame temperature (see Chap. 4) and emissivity for real-world fires. The
radiation emitted from vegetation fires is due to hot gases (e.g., carbon dioxide,
carbon monoxide, and water) and soot particles present in flames. The intensity of
flame radiation depends on both the composition of the flames and the temperature.
Flames that have greater amounts of soot tend to have higher emissivities but lower
temperatures than flames with less soot. For example, flames with a significant
amount of soot might have a mean temperature of 1200 K and an emissivity value
of 1.0, resulting in a radiative power of 117 kW m~>. In contrast, flames with little
soot might have a mean temperature of 1400 K with an emissivity of 0.50, resulting
in a radiative power of 109 kW m 2. Experimental measurements of flame emissiv-
ity range from 0.25 to 0.94. For most wildland fire applications, an emissivity value
ranging from 0.9 to 1 is assumed.

In Eq. (5.5) we estimated the total radiative power emitted per square meter of an
object such as a flame given its temperature. However, many wildland fire applica-
tions in fire behavior and effects are concerned about the exchange or transfer of that
heat energy between the flame and some other object. A common method for
estimating the exchange of radiative energy between two objects is to include the
concept of a view factor (sometimes called a shape factor) in Eq. (5.5). The view
factor (F,,) is the proportion of the radiative power that leaves object a and is
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intercepted by object b. The radiative heat flux (qq in KW m™2) received at surface b
from surface a can be estimated as:

9rad = Fang = Fueosp T4 (56)

View factors are purely a function of the geometry associated with objects a and
b. When calculating a view factor, it is common to assume that radiation is emitted in
all directions and that the medium between the two objects or surfaces is neutral (i.e.,
the medium does not absorb, emit or scatter the radiation). The equations to estimate
the view factor for several simplified 2- and 3-dimensional scenarios can be found in
heat transfer textbooks such as Incropera et al. (2007).

For example, let’s use Eq. (5.6) to estimate the radiative heat flux between
two surfaces and estimate the total radiative heat flux (q,,q) transported from a
flame of length (L) with a flame angle of 45° (A), an emissivity of 0.9, and a
temperature of 1000 K to the unburned fuel ahead of the flame (b). Figure 5.9
provides a visual representation of this example.

The view factor for the scenario identified in Fig. 5.9 can be estimated using
the equation for a long symmetrical wedge:

Fp=1- sin% (5.7)

Substituting all parameters into Eqs. (5.6) and (5.7) and solving for the
radiative heat flux, we see that 31.6 kW per square meter are transferred from
the flame to the unburned fuel ahead of the fire:

Grad = FarPg = FapeosgT* = 0.62 x 0.9 x 5.67 x 107" x 1000*
=31.6 kW m > (5.8)

Fig. 5.9 Visual
representation of a flame and
the unburned fuel ahead
showing flame length (L)
and the flame angle (A)
between the two surfaces

a and b
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Another important application of heat transfer by radiation is in determining
safety distances for fire personnel and others. This can be based on the geometry,
emissivity, temperature of the flames, and the thresholds for skin injury. See
Chap. 10.

5.4 Conduction

Conduction is thermal energy transfer that occurs through collisions between parti-
cles and the movement of electrons. Although conduction can occur in all phases of
matter (i.e., solid, liquid, and gas), it is most commonly associated with heat transfer
within a solid object or between two solid objects that are in contact with each other.
Conduction is a primary mode of heat transfer during the pre-ignition phase of large
solid fuels and in determining fire effects on trees via injury to the vascular cambium,
and roots (see Sect. 9.3) and soil heating that can affect soil organisms and nutrients
such as nitrogen (See Sect. 9.6). Conductive heat transfer can also be an important
component of large log combustion and fire spread in densely packed fuelbeds such
as those that result from mastication when trees, shrubs, and other fuels are chipped
or mulched (See Chap. 11).

A theory of conductive heat transfer was first proposed in 1807 by the French
scientist Joseph Fourier (Fig. 5.10). Fourier’s law indicates that, under steady-state
conditions, the rate of heat transfer through a material is directly proportional to the
temperature difference and inversely proportional to the distance traveled
(Fig. 5.11).

Fig. 5.10 The French
mathematician and physicist
Jean-Baptiste Joseph
Fourier (1768-1830) (Boilly
n.d.)
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Fig. 5.11 One-dimensional
steady-state heat transfer by
conduction between two
surfaces at different
temperatures. The negative
slope —AT/Ax is equal to
g/k where q is the heat flux Higher

and k the thermal temperature T,
conductivity of the material.
For any given heat flux
lower conductivities result
in higher temperature
differences

Lower
temperature T,

This relationship can be represented in two equivalent forms: an integral form and
a differential form. The one-dimensional forms of these two equations are shown
below:

oT

= —k—=— 5.9

9cond ax ( )
AT

cond = —k E (510)

where eong is the heat flux between the two surfaces (W m~2), AT is the temperature
difference between the two surfaces (K), Ax is the distance between the ends (m),
and k is the thermal conductivity of the material (W m~' K™"). For steady-state
one-dimensional conduction, the heat transfer through a given material depends only
on the temperature gradient, the distance between the surfaces, and the material’s
thermal conductivity. The minus sign in the equation indicates that the heat flow is in
the opposite direction to the temperature gradient (AT/Ax).

For non-steady-state conductive heat transfer conditions, i.e., when the temper-
ature at the boundary of the object changes, as in most situations in wildland fires, we
may want to account for the variations in temperature with time. To account for these
fluctuations, we need to incorporate not just the rate at which temperatures are
changing but also the object’s thermal diffusivity. Thermal diffusivity is a measure
of a material’s ability to conduct energy relative to its ability to store energy.
Materials with higher thermal diffusivity transfer energy more rapidly and reach
steady-state conduction faster than those with low thermal diffusivity. Metals and
gases often have high conductivity and diffusivity coefficients, while bark, wood,
and dry soils have low values (Table 5.1). Thermal diffusivity («) can be estimated
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Table 5.1 Typical values of thermally relevant characteristics of some materials, including those
related to wildland fires (Data from Geiger 1980; Incropera et al. 2007; Jury et al. 1991; Martin
1963)

Density | Heat capacity | Conductivity | Diffusivity
Types of materials | Materials kgm™ |kKIkg ' K" [Wm 'K |mm?s!

Gases Carbon dioxide | 1.77 0.85 0.017 11
Air 300 K 1.16 1.01 0.026 23

1000 K | 0.35 1.14 0.067 168

Hydrogen 0.08 14.31 0.183 158

Liquids Engine oil 884 1.91 0.15 0.09

Water 1000 4.18 0.61 0.15

Mercury 13,529 0.14 8.54 4.53

Solids Wood Yellow Pine 640 2.81 0.15 0.08

Fir 418 2.72 0.13 0.10

Oak 545 2.39 0.17 0.13

Bark Cork 225 1.70 0.04 0.10

Others 300 1.70 0.06 0.12

Soils Peat | Dry 700 1.20 0.10 0.12

Wet 1000 3.20 0.40 0.13

Sand | Dry 1500 0.80 0.20 0.17

Wet 2000 1.20 1.20 0.50

Clay |Dry 1600 0.70 0.20 0.18

Wet 2100 1.00 1.20 0.57
Metals Iron 7870 0.45 80 23
Aluminum 2702 0.90 237 97

Copper 8933 0.39 401 117

Gold 19,300 0.13 317 127

Silver 10,500 0.24 429 174

(Eq. 5.11) by dividing the thermal conductivity of a material (k) by the product of the
material density (p) and its specific heat capacity (Cp):

o= 1000k
rCp

(5.11)

where a is thermal diffusivity (mm?* s~"), k is thermal conductivity (W m~' K™"), p
is the density of the material (kg m—>), and C, is the heat capacity per unit mass of
the material (kJ kg~' K.

The differential form of Eq. (5.9) for non-steady-state conduction is (Eq. 5.12):

oT 0T
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where o is the thermal diffusivity of the material, dT/dt is the instantaneous rate of
temperature change, and 8*T/8x” is the second derivative of temperature change
along the x gradient.

Assuming that the surface temperature of a solid infinite slab is equivalent to the
flame temperature, Eq. (5.12) can be solved using a Laplace transformation as used
by Spalt and Reifsnyder (1962) and used by many authors, including Peterson and
Ryan (1986):

T_,C — Tb . X
T, = erf(z\/a> (5.13)

where Ty is the temperature at a distance x from the surface, T, is the average
temperature on the outside of the bark, T, is the ambient temperature, t is the time of
exposure to temperature Ty, a is thermal diffusivity, and erf is the Gauss error
function.

Several authors have used Eq. (5.10) to investigate tree mortality due to cambium
heating during a fire (Dickinson and Johnson 2001) by rearranging Eq. (5.10) to
solve for the residence time (tg) of bark heating required to heat the cambium to a
critical temperature (Tx) given the bark thickness (x) and thermal diffusivity ().
They all concluded, as did Hare (1965), that the duration of a heat pulse required to
kill the cambium of a tree is directly proportional to bark thickness squared.

For example, using Eq. (5.13) we can estimate the residence time required
to kill the cambium of a tree with a bark thickness of 1.5 cm. Assume an
ambient temperature of 30 °C (T}), an outside bark temperature of 500 °C (Ty),
a lethal temperature of 60 °C for vascular cambium (Ty), and a thermal
diffusivity (a) of 1.35 x 107" m? s~ for bark. The first step is to substitute
the temperatures into the left-hand side of equation:

T.—Ty 60—500
T —To = 30500 = 0936 (5.14)

Using an inverse error function table and substituting this value into
Eq. (5.13), we get:

131 = (2\;&) (5.15)

Rearranging Eq. (5.15) to solve for t (s) and x (mm) results in:

t=1.08 x x* (5.16)

where t is the critical residence time (s) required to heat the vascular
cambium up to a critical temperature of 60 °C given a bark thickness of x in

(continued)
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millimeters. Assuming a bark thickness of 15 mm the critical residence time
would be 243 s. This implies that cambium mortality is unlikely for trees of
this bark thickness, unless downed dead woody fuels or dense duff and litter
layers, which take longer to burn, are in close proximity to the tree.

Several authors from Australia (Gill and Ashton 1968; Vines 1968) and North
America (Hare 1965) studied the relationships between bark thickness and cambium
temperature and found that the cambium temperature data compared fairly well with
this simple model (Dickinson and Johnson 2001). However, it is important to
recognize that the temperature on the outside of the bark varies as a function of
height and around the circumference of a tree bole and through time, and that bark
thickness varies along the height of the bole. Cambial heating and tree mortality are
discussed further in Chap. 9.

Alternatively, one-dimensional non-steady-state conduction heat transfer prob-
lems, for simple geometries, can be approximated by solving Eq. (5.12) using finite
difference methods (Rego and Rigolot 1990; Dickinson and Johnson 2004; Mercer
and Weber 2007). In this approach, the object of interest, such as soil, is partitioned
into a uniform grid, and the derivatives are replaced by finite differences between
neighboring points. This approach has been particularly useful in modeling the
thermal regime of soils (Jury et al. 1991). The finite-difference equation can be
expressed through its discrete equivalent:

Tx,t+At) =aT(x—Ax,t)+ (1 —2a) T(x,t) + a T(x + Ax,1) (5.17)

where T(x,t) is the temperature at distance x at time t, At and Ax are the increments
in time and space, and « is the coefficient for thermal diffusivity. If the distance step
(Ax) is 1 mm, and the time step (At) is 1 s, it is useful to express diffusivity () in
mm? s~ which is equivalent to 107% m? s~ ' It can be seen by the equation that for
very small diffusivities (a close to zero), the temperature remains practically
unchanged. Simulations of heat transfer at different depths from a surface with a
given diffusivity can be made with the spreadsheet presented at the end of the

chapter.

5.5 Convection and Solid Mass Transport

Convective heat transfer can play an important role in determining fire spread and
fire effects on plants and people. Convection is the transport of energy due to the
bulk movement of molecules of a fluid (i.e., gases and liquids). The term convection
is used to describe the combined heat transport due to diffusion, the movement of
particles due to a concentration gradient, and advection, the bulk movement of the
flow. In wildland fires, this bulk movement includes not just gases and liquids, but
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also solid particles. When these particles are burning, their transportation can be an
important mechanism driving fire propagation. In general, there are two types of
convection, natural and forced convection. If the fluid movement is artificially
imposed by something like a pump or fan, it is called forced convection. If, as
typically in wildland fires, the flow is due to buoyancy forces, it is called free, or
natural, convection.

The convective heat flux (qeony) transferred between an object with a given
surface temperature (Ty) and the surrounding fluid at temperature (T,) is dependent
upon the temperature difference and a heat transfer coefficient (h) (Eq. 5.18):

9eonv = h(Tf - Ta) (518)
where h is a convection heat transfer coefficient (W m > Kil). The convection heat
transfer coefficient depends upon a number of factors including the type of fluid,
flow properties, the geometry of the surface, and the temperature differences. The
heat transfer coefficient increases as a function of the flow velocity and is greater
during turbulent than laminar flow. There are numerous correlations that can be used
to estimate the convective heat transfer coefficient for various cases including natural
and forced convection for a range specific geometry and flow conditions. The heat
transfer coefficient for air during natural convection across a range of conditions
varies from 5t0 25 Wm 2K ! (Incropera et al. 2007). The convective heat transfer
flux during a fire can be estimated experimentally by subtracting estimates of the
radiative heat flux from total heat flux which can be measured using a variety of
sensors. Further discussion on the role of convective heat transfer and solid mass
transport in determining fire spread, crown fire ignition, and fire effects on plants and
people can be found in Chaps. 7, 8, 9, and 10.

5.6 Implications

The heat from fires will result in ecological and other effects only if it can transfer
from the fire to the ecosystem. All fires produce heat that transfers by some
combination of radiation, convection, conduction, and mass transport. When you
understand these physical processes, combined with the chemical and heat produc-
tion processes covered in previous chapters, you can then understand fire as an
ecosystem process.

In the remainder of the book, we will discuss fuels, fire behavior and fire effects,
and then fuel dynamics and landscape management. In all of these aspects of fire,
heat transfer processes are involved. We emphasize the application of heat transfer in
understanding the ecological effects of fires and how that information can inform
effective fire science and integrated fire management.
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5.7 Interactive Spreadsheets:
RADIATION_Fireline_Safety, CONVECTION,
CONDUCTION_Soils_Plants, and
MASS_TRANSFER_Spotting

We encourage you to use the interactive spreadsheets to explore the relative impor-
tance of the key factors influencing heat transfer. In this chapter, we show in the
spreadsheet, CONDUCTION_Soils_Plants_v2.0, that you can readily change the
inputs and then graphically display how outputs change (Fig. 5.12). In this way, you
can evaluate how sensitive the outputs are to changes in one or more of the inputs.
You can see how the temperature and duration of the flaming and smoldering phases
affect the maximum temperature attained at different soil depths. The same applies to
the heat transfer through tree bark. The lethal temperature is an input and you can see
graphically at what distance the lethal temperature is attained. You can also under-
stand how different soil types or moisture conditions affect heat transfer by changing
the corresponding diffusivity values. You will learn more about the effects of
heat transfer by conduction in soils and bark when you learn more about how
heat from fires influences ecological systems (Chap. 9). In Chaps. 8-10, you will
have other examples of practical applications of heat transfer, also by using spread-
sheets RADIATION_Fireline_Safety_v2.0, CONDUCTION_Soils_Plants_v2.0,
CONVECTION_Crown_Scorch_v2.0, and MASS_TRANSFER_Spotting_v2.0.

INPUT
Initial Temperature Flaming Temperature Smoddering Temperature Diffusivity Density
25°C 600 °C 500 *C 0.13 mm' 5™ 425 kgm*
Lethal Temperature Flaming Duration Smoidering Duration Specific heat
60 *¢ 1 minutes 5 minutes. 240K
OUTPUT
Maximum heat in conduction Conductrty
2076 kJim’ 0.11 Js/m/K or Wim/K
T0O +
m—Surlace Wemparatune 600
600 —— 1 ¢cm depth Maximum temperature
2 cm depth
500 +
—_— ====Lgthal temperature
500 3 cm depth g
- 4 cm depth |
Ly 5 cm depth E 400 -+
E 400 —— 10 cm depth E
= -] |
E g 2004
E 300 %
£ 200 ¢
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Fig. 5.12 Details of inputs and outputs of the spreadsheet, CONDUCTION_Soils_Plants_v2.0,
showing how the duration and temperatures of flaming and smoldering influence the evolution of
temperatures for 1 h at various soil depths with a given diffusivity value. The graph at the right
shows the maximum temperatures attained in comparison with a given lethal temperature
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Using each of these spreadsheets will help you understand one of the four processes
of heat transfer, including radiation, convection, conduction, and mass transfer.
These spreadsheets are for learning. For prediction, we recommend you use one of
the fire behavior prediction systems because they will include multiple modes of heat
transfer at the same time depending on the conditions. The equations used in our
spreadsheets are also used in the fire behavior prediction systems.
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Part 11
Fuels, Fire Behavior and Effects

Photo by Kari Greer photo/USFS

Fuels are the link between fire behavior and effects (Keane 2015, Fig. II.1), so fuel
dynamics and management are central influences on how fires burn and their
consequences for vegetation, people, and other ecosystem components. Fuels are
vegetation biomass, and thus fuels accumulate wherever biomass accumulation
exceeds decomposition, and thus in almost all terrestrial ecosystems. Further, that
biomass is ecologically important, and how it burns can greatly alter fire effects. In
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Fig. I1.1 Fuels are the link between fire behavior and effects (Keane 2015). (Photo by Kari Greer/
USFS taken in Idaho, USA, in 2008)

the absence of fires, biomass can accumulate to fuel fires when they ignite when it is
hot, dry, and windy enough to carry fire. When those fires burn under extreme
conditions, they can threaten lives, homes, be difficult and costly to manage, and
have lasting effects for future fires.

These ideas are the central themes to the chapters in Part II of our book, Fire
science from chemistry to landscape management. In this part of our book, we have
five substantial chapters. After a summary of the descriptors used for fuels and fire
behavior in Chapter 6, we address how fires spread from point to point and across
landscapes in Chapter 7. For extreme fire behavior, we characterize the science
behind crown fires and spotting, as well as what makes some fires more extreme than
others. In the next chapter, we discuss the effects of fire on plants, soils, water, and
animals. In Chapter 10, we address the direct and indirect effects of fire on people
and what people can do to protect homes and communities when fires threaten, all
within the context of recognizing the risks, costs, and ecosystem services of fires. In
all of these chapters, we draw upon examples from around the world. We link to the
fire science learned in prior chapters of this book. Throughout this book, we
emphasize fire as part of ecosystems, including people, as we make the case that
fire is part of a social-biophysical system.
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Fig. I1.2 The fire behavior triangle represents the influence of the fuel complex, wind, and slope on
the behavior of whole fires, including aspects as fireline intensity or propagation. The association
between fire behavior and effects on ecosystems and humans is discussed in this part of the book

Hopefully, by better understanding the relations between fuels, fire behavior, and
effects, our perceptions of fire are becoming more complete. Perhaps we will come
to recognize that the carefully planned “good” fires can often prevent “bad” fires.
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Chapter 6 )
Fuel and Fire Behavior Description Crechae

Learning Outcomes
Upon completion of this chapter, we expect you to be able to

1. Apply the descriptors of fuels to an area of vegetation with which you are
familiar,

2. Distinguish amongst fuel particles, fuelbeds, fuel components, and fuel
layers,

3. Diagram a fire burning in a grassland and apply the fire behavior descriptors
to the flaming and smoldering combustion, and

4. Explain why the rate of spread and fireline intensity or flame size are crucial
metrics in fire management

6.1 Introduction

Vegetation mediates both the effects of fire on ecosystems and human impacts on the
fire regime. Independent of its biological nature, characterizing vegetation’s ability
to burn (i.e., as fuels) is useful for describing and modeling fire behavior and fire
effects for multiple fire management applications. Fuel properties are highly variable
in space and time. Analysis of fuels is a matter of scale, from the combustion at the
scale of individual flames to the fire behavior scale to the landscape scale (Pyne et al.
1996).

This chapter addresses extrinsic fuel properties, those that exert quantifiable
influence on fire behavior characteristics. In contrast, fuels’ intrinsic properties are
fundamental to fire ignition and spread (Pyne et al. 1996) but are unlikely to result in
substantial variation in fire behavior at the scale measurable in the field (Cheney
1981). Intrinsic properties of fuels include chemical composition (including mineral
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content and readily volatilized constituents), heat content, particle density, thermal
conductivity, and diffusivity (Chaps. 1-4). Fuel moisture is highly dynamic (See
Chap. 11).

Wildland fires are classified according to the dominant fuel type being burned
(e.g., a shrub fire is one burning in a shrubland) and the layer of fuel supporting fire
spread (ground, surface, or crown fire). Ground fires burn organic matter in the soil,
spreading very slowly. Surface fires can spread either slowly or rapidly as they burn
leaf litter, fallen wood, and plants near the soil surface. Crown fires burn the foliage
of trees and shrubs with high intensity. Fire behavior is described for various parts of
a fire. This chapter introduces the fire behavior descriptors that are commonly
measured or estimated by wildland fuel and fire managers and by fire scientists.

Fuels and fire behavior descriptors are generally shown as measures of central
tendency, as means or medians of different measurements, but it should be recog-
nized that both fuels and fires are generally quite variable in space and time.
Measures of variability, as ranges or standard deviations, should be considered in
sampling and analysis, for variability in fuels influences variability in fire behavior
and effects. Measurements of central tendency and associated variability derive from
sampling and statistical analyses. Many options are possible to optimize sampling to
ensure unbiased and precise estimates while minimizing costs. Further discussion
about sampling measurements of fuels and fire properties is beyond the scope of this
book. In this chapter, we simply present the most commonly used extrinsic fuel
properties and fire descriptors. Keane (2015) addressed many fuel-related topics,
including fuel properties and inventory.

6.2 The Wildland Fuel Hierarchy

Wildland fuel description can be approached as a top-down hierarchy in terms of
spatial resolution. Distinct levels of structural organization correspond to different
scales of observation and heterogeneity in varying degrees. Here we will loosely
follow Keane (2015), from coarse to fine scales (Fig. 6.1):

1. Fuelbed is a generic description of the complex of fuels occupying a given area.
2. Fuel layer or stratum results from the vertical stratification of the fuelbed into
ground, surface, and canopy fuels (Fig. 6.2) that correspond with different
combustion environments, respectively ground (or subterranean, or smoldering),
surface, and crown fire. Although the boundary can be subjective, ground fuels
typically comprise organic matter that does not contribute to flaming combustion.
Ground fuels are in an advanced state of decomposition and overlaying the
mineral soil; included are the duff (or humus) layer, peat, roots, and rotten
woody fuels. Surface fuels refer to litter plus vegetation (grasses, forbs, and
shrubs, including mosses and lichens in boreal ecosystems) within 2 m above
ground (Keane 2015), especially for the purpose of using Rothermel’s fire spread
model (Chap. 7). Litter consists of fallen leaves, woody elements of various sizes,
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Fig. 6.2 Fuels in a maritime pine (Pinus pinaster) forest on the southwestern coast of Portugal
consists of three fuel layers: ground (not visible), surface, and crown fuels. Surface fuels include
three fuel types (litter, downed woody, and shrubs). One example fuel component is 100-h woody
fuels (i.e., 25-75 mm in diameter). As litter and shrubs are codominant, surface fire behavior will
develop in a litter-shrub fuel complex. (Photograph by P. Fernandes)

and bark and typically comprises a decomposing (fermentation) layer (F) and the
fresh (undecomposed) layer (L) that drives fire spread. Slash (or activity) fuels
will add to the previous categories after silvicultural operations, including canopy
fuel treatments. The canopy (or aerial) layer encompasses all biomass above 2 m,
regardless of its nature, and is often divided into ladder and crown fuels. Note that
the same term can differ in meaning among countries or systems. In Australia,
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surface fuels designate litter only and the following layers are also considered:
near-surface fuels composed of grasses and low shrubs and suspended material
from the overstory, elevated fuels (tall shrubs), and bark fuels on the bole and
branches (Gould et al. 2007).

3. Fuel type describes the generic nature of fuels or the dominant fuels in the
fuelbed, e.g., “grass”. Again, the understanding of “fuel type” varies. In the
Canadian Forest Fire Behavior Prediction (FBP) System, fuel type refers to a
vegetation type with distinctive fire behavior characteristics.

4. Fuel component subdivides the fuel type as a function of size (e.g., “fine woody
fuels”) or physiological condition (e.g., “live shrub foliage™). The distribution of
fuels by size class (usually <6, 6-25, 2575, and >75 mm diameter) and whether
they are dead or live profoundly influences fire behavior and both direct and
indirect effects of fires (through fuel moisture content dynamics, Chap. 11).

5. Fuel particle refers to the individual fuel elements or units (e.g., twig, leaf,
needle) that form the fuel complex at coarser scales and often define the calcu-
lation of aggregate fuel properties at those scales (Fig. 6.1).

6.3 Fuel Description

Various extrinsic fuel metrics are used to describe fuels (Table 6.1). These include
the size and shape of particles and the amount and structure (including metrics of
compactness and continuity) of fuelbeds, fuel layers, and fuel components.

The size and shape of individual particles influence ignitability, heat release rate,
and burn duration. The size and shape of fuels are integrated into fire-spread models
through surface area-to-volume (or mass) ratio. Size classes as a function of particle
diameter or thickness are used to define nominal rates of dead fuel moisture content
response (time-lag) to variation in atmospheric conditions (see Chap. 11). Size
classes are used in summarizing the fuel loads and moisture contents that are the
basis for fire behavior modeling and fuel inventories.

Fuel load, defined as the mass per unit area, plays a central role in fire science and
management. Along with fuel moisture content (Chap. 11), fuel load determines fuel
consumption and the amount of heat released during combustion. The amount of fuel
consumed influences fire effects in vegetation and soils (See Chap. 9) and the
effectiveness of fire control operations. Fuel load is needed to calculate fuel structure
descriptors such as bulk density (Table 6.1), and fire intensity is an input to
fire behavior and effects models. Fuels treatments are often designed to reduce fire
hazard (See Chaps. 10 and 11). The degree to which fuel load contributes to fire
behavior, especially to the flaming front properties, is termed fuel availability and
depends on fuel structure and moisture. Fuel depth, bulk density, and packing ratio
are descriptors of fuel structure that affect heat transfer and fire-spread rate. These
descriptors are included in fire-spread rate models. Finally, the vertical discontinuity
between the surface and canopy fuel layers is used to assess the likelihood of
crown fire.
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Table 6.1 Extrinsic fuel variables definitions, compiled from various sources
Scale Variable Symbol | Definition Units
Fuel Diameter d Diameter of a cylinder m
particle (generalized assumption)
Surface c Particle surface area divided m~!
area-to-volume by its volume
ratio
Surface density m/A Mass of the particle (m) divided kgm 2, g
by its projected area (A) em ™2
4Surface S Particle surface area divided m> kg_l
area-to-mass ratio by its dry weight
Fuel Load w Dry weight per unit area kgm™2, tha™'
complex | Depth, height 3 Fuel layer or fuel complex thickness | m
Bulk density Po Dry weight per unit volume kg m
b¢packing ratio B pp divided by particle density, Dimensionless
the fuel bed volume fraction
occupied by fuel
Canopy base CBH Vertical distance between ground m
height surface and the live canopy base
IFuel strata gap FSG Distance from the top of the surface | m
fuel to the lower limit of the canopy
constituted by ladder and live fuels

“Rossa and Fernandes (2018)

Countryman and Philpot (1970) refer to 1/p as porosity

“Rothermel and Anderson (1966) define porosity as the void volume per unit of fuel surface
area (m)

dCruz et al. (2004)

The methods and variables used to describe wildland fuels are intrinsically
dependent on the input requisites of the adopted fire behavior models. Empirical
models for fire-spread rate, developed for specific or generic fuel types, seldom
include the effect of more than one descriptor of fuel structure (Cruz et al. 2015).
They can also altogether disregard fuel variation within a vegetation type, such as in
the Canadian Forest Fire Behavior Prediction (FBP) System (Forestry Canada Fire
Danger Group 1992).

Rothermel’s (1972) model of surface fire spread relies on sets of numerical fuel
characteristics called fuel models that represent the fuels complex for fire behavior
predictions. A set of 13 stylized fuel models organized in 4 groups (grass, shrub,
litter, slash) depending on the vector of fire spread has been developed (Anderson
1982). Fuel models are widely used to predict fire behavior characteristics with
applications that employ Rothermel’s model. Each fuel model is described in terms
of fuel load by size class, surface area-to-volume ratio, fuel depth, heat content, and
moisture of extinction. As the 13 fuel models are insufficient to account for the
variability in fuel characteristics found across vegetation types and ecosystems,
including when multiple fuel layers are considered, additional fuel models have
been developed, including a set of forty for the USA (Scott and Burgan 2005). Of
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most importance for management applications, the parameters of custom fuel models
should be calibrated and optimized such that predicted fire behavior matches
observed fire behavior (Hough and Albini 1978; Cruz and Fernandes 2008; Ascoli
et al. 2015).

Various methods have been developed to assess and quantify fuels, directly and
indirectly, and destructively or not. Catchpole and Wheeler (1992) reviewed the
existing types of techniques and distinguished between:

1. Direct sampling, based on destructive (and costly) fuel sampling and is usually
restricted to research studies that require accurate estimates of fuel load. Fuels are
harvested from within quadrats of variable size, are bagged, and then processed in
the laboratory, which includes sorting, weighing, and oven drying by size class
and dead or live condition. Direct sampling also includes scoring or rating (from
nil to extreme) fuel hazard by fuel layer (Gould et al. 2007), and measurements of
fuel structure, such as the depth (or height) of the existing fuel layers, and the
ground covered by individual fuel layers. In the latter case, linear or planar
intercept (or transect) methods are used (Van Wagner 1968; Brown 1971), but
also point contact techniques.

2. Calibrated visual estimation, where comparison with reference information is
used to estimate fuel loads (Keane and Dickinson 2007) or assign fuel models
(Anderson 1982). Photo keys or photo series are a common tool for this purpose
(Fig. 6.3). Photo series typically associate each photo to a fuel model and quantify
fuel loads for the depicted situation, plus fire behavior characteristics and fire
control difficulty for a given weather scenario.

3. Double sampling, where a fuel parameter is estimated using a two-stage
approach. In the first stage, a sample is taken to develop either a ratio or
regression that relates a variable of interest to another more easily measured
variable. In the second phase, the more easily measured variable is collected,
and the variable of interest is estimated using the ratio or regression developed in
the first phase. For example, a regression that relates fuel load and a metric of fuel
structure such as cover or depth or even time since disturbance (see Chap. 11) can
be developed by collecting data on the two variables. The secondary, often larger
sample, of the more easily measured variable can be collected and the variable of
interest can be estimated by applying the developed regression to the measured
variable.

6.4 Fire Description

Wildland fires are often simply classified qualitatively according to the dominant
fuel type being burned or by the layer of fuel supporting fire spread. However,
quantitative metrics describing fires are available and very useful in fire
management.
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Fuels Plot Before Burning
L o

Clear Crevk Suste Forest, Jefferson County, Pennsylvania
Overstory metrics 103 trees/ncre; basal area 95 feet/acre; stocking 69 percent
Owverstory composition Chostnut ook, red maple, northern red oak, white oak

M in laurel

South; 1,800 feet; 5 percent

Gypsy moth mortality and salvage harvest in late 1980s

3.4 tons/acre Litter cover 100 percent
4.1 tons/acre Shrub cover 95 percent
4.5 tons/acre Ave. fusl haight A3 feat

8.6 tons/acre Ave. fuel moisture 15 percent
8.2 tons/acre Optimal fuel model 5

268 tonw/acre Min/max fuel model 10°, 4*

B Weather and Fire Behavior Data

Ar temperature 64 'F Burn datetimo 01 May 2002, 1200
] Relative humidity 33 percent Firing device Drig torch

| Wind direction South Firing pattorn Stnp-hoad firg
Wind spoed 1 te 3 mileshour Flamo langths & to 10 foot
s Cloud cover 50 percent Rates of spread & to 10 lest/minute
B iays sinco rain, amt 3, 0.2 inch

Fig. 6.3 An extract of the photo guide for estimating fuel loads and fire behavior in mixed-oak
forests of the Mid-Atlantic Region in the USA (Brose 2009). This photo guide includes photographs
taken before and during burning, the fuel model(s) assigned, site and detailed fuel data, and
observed fire behavior and the corresponding weather conditions

From a top view (Fig. 6.4), one fire includes at any point in time different
locations with different behavior. Therefore the description of fire behavior is
commonly provided for a specific part of a fire. The ignition location is referred to
as the origin of the fire. In the absence of wind and slope and in perfectly homoge-
neous fuels, fires spread with a circular shape following ignition. However, in the
presence of wind or slope, fires spread in an elliptical shape. The portion of the fire
that is spreading upslope and with the wind is called the headfire and is associated
with the most active fire behavior. The section of the fire spreading against the wind
and/or slope is called the backfire, and typically has the shortest flames and is the
slowest moving portion of the fire. The section of the fire perimeter associated with
the backfire is commonly referred to as the back, heel, or rear of the fire. The fire
spreading on the sides is moving perpendicular to the wind and is referred to as flank
fire. Fire behavior along the flanks is somewhere between the headfire and backfire.
The shape of the fire perimeter is tightly linked to variability and interactions among
the fire environment, topography, and fuels. This variability can result in a number of
unique features along the fire perimeter. Fingers are formed when part of the fire
front spreads faster than the surrounding front, resulting in the formation of a long
narrow strip of fire. Spot fires are formed when firebrands are transported beyond the
fire front and ignite new fires. These present especially hazardous conditions for fire
managers. Spotting is discussed further in Chap. 8. In other cases, variability in fire
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Fig. 6.4 Fires grow from
the point of ignition,
spreading faster with the
wind and up the slope. The
head, flank, and back of fires
differ in their fire behavior
characteristics. All fires
have islands that are
unburned or burned with
such low severity that they
are refugia for plants and
animals from the effects of
fires. Fire suppression
efforts often progress from
the back to the head of the
fire, as the latter can be too
intense for effective and safe
attack. (Drawn by Heather
Heward, University of
Idaho)
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behavior and spread can result in patches of unburned fuels within the fire perimeter.
These are often referred to as islands or fire refugia; see Chap. 12 for more discussion
on fire refugia as they can influence the survival of animals and rates of vegetation
recovery post fire.

For fire management purposes, flame front characteristics, and in particular, how
fast fires spread, have been the primary focus of fire behavior measurement and
modeling. Additional metrics describe the amount, rate, and duration of heat release,
as well as flame geometry (Table 6.2). We draw upon Cheney (1981) and Alexander
(1982) for the following fire descriptors.

From a side view (Fig. 6.5), the flaming fire front has three dimensions: depth (D),
height (H), and length (L). Flame depth (D) increases linearly with the rate of spread
(R), and D/R defines the residence time of the flame (fz). Flame size, either H or L, is
a visible and obvious manifestation of energy release. Thus, flame size is a common
fire descriptor, despite subjectivity in definition and measurement.

From the perspective of energy, Byram (1959) coined the concept of fireline
intensity (Ig) to quantify the heat release rate in the active combustion zone per unit
length of the fire front (See Figs. 6.4 and 6.5). Fireline intensity is calculated as:
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Table 6.2 Fire behavior metrics definitions. Compiled from Byram (1959), Cheney (1981, 1990),
Alexander (1982), and Andrews (2018), unless otherwise stated

Variable Symbol | Definition Units

“Rate of spread R Linear advance of the flaming fire front ®m s,
per unit of time m min~",

m h_l,
kmh™'

Residence time tr Flaming combustion duration, or the s, min
length of time for the flame front to pass a
given point

Burn-out time, reaction | tg Total combustion duration, or the time for | s, min

time all fuel fractions to burn out

Flame height H Mean extension of the flame front mea- m
sured vertically from the ground

Flame angle A¢ Angle between the fire front and the °
unburned fuel bed

Flame tilt angle At Angle between the vertical and the fire °
front

Flame depth D Width of the flaming front (the active m
combustion zone, i.e. with continuous
flame)

“Flame length L Mean distance from the flame extremity to | m
the mid-point of the flaming front

Reaction intensity, Ir Heat release per unit area per unit of time | kW m™—>

combustion rate, area- within the flaming front

fire intensity

Heat release Ha Heat release per unit area within the kI m—2
flaming front

dFireline intensity Ig Heat release within the flaming front per | kW m™"'
unit time and unit length of the fire front

“Power of the fire PWR Heat release per unit time within the MW
flaming zone, integrated around the fire
perimeter

“Equivalent metrics can be calculated for the perimeter (e.g., mh™ !y and area (hah™") of the fire as a
whole (Byram 1959)

"Usually dependent on the scale of application

“Calculated from H and A; or Ap; some authors consider the leading flame edge rather than its
central axis (Nelson and Adkins 1986; Catchpole et al. 1993)

9Fire intensity (Byram 1959), Byram’s fireline intensity, or frontal fire intensity

“Harris et al. (2012)

Ig=h.wR (6.1)

in units of kW m ™! and where A, is the low heat of combustion (kJ kgfl), w is the
amount of fuel available for flaming combustion (kg m~2), and R is the rate of fire
spread (m s~ '). To estimate &, the low heat content AHL is generally used but
should ideally be adjusted for losses due to water evaporation, radiation, and
incomplete combustion to give heat yield AHY (see Chap. 3). However, given the
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