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Recent studies have suggested the potential importance of intermittent convective

heating on the ignition of fine fuels during wildland fire spread. In this study, a novel

pulsed-gas line burner similar to a Rubens’ tube, driven by acoustic oscillations, is

used to re-create the pulsations observed in wildland fires in a controlled environment.

After acoustically stimulating a long tube with perforations at the top, creating

a pulsed linear flame, thin fuels with different densities and diameters are quickly

placed in the center of the flame. The temperature of these fuels is measured

using an infrared camera, distinguishing the temperature at which the fuel starts to

pyrolyze. As expected, smaller-diameter fuels ignite faster when exposed to flames;

however, they also are least affected by intermittent heating. Larger-diameter fuels

are more dramatically affected by intermittent heating frequencies, in large part due

to cooling effects between pulses and the larger thermal mass of the fuels. The results

are discussed and compared with a simple numerical model incorporating measured

velocities and temperatures present in the burner and their effect on a thermally-thin

fuel element over time.
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Chapter 1

Problem Statement

1.1 Introduction

Over the past decade, the number of fires in the U.S. have decreased but the size and

severity of these fires have increased drastically [1]. These large wildland fires pose

a growing threat to local populations and natural resources [2, 3]. A critical need

for the management and mitigation of these fires is to accurately model their spread.

Current models, however, are not physically based and it is desired to create a model

to predict the propagation of wildland fires based on heat transfer, fluid dynamics

and combustion processes [4]. While changes in wind or slope strongly affect the

rate of spread of a wildland fire, the effect of convective heating contributing to

ignition of vegetation and ultimately flame spread is largely unknown [5]. Convective

heating of thin fuel elements such as pine needles, grass, etc. appears to be a critical

but under-studied element of fire spread that could help the current models better

describe the physics of wildland fires [4, 6].

New observations have revealed that a significant driver of heating in wind-driven

fires come as periodic, forward pulsations of flames and hot gases that contact thin
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vegetative fuel elements intermittently [6]. Existing, radiation-driven spread models

need to incorporate this intermittent direct flame contact, however the source and

structure of these pulsations or bursts have not been clearly identified or modeled [5].

Several observed structures, such as stream-wise streaks and span-wise waves similar

to fluid flow phenomena appear to generate these pulsations, but the mechanism for

their formation or predictive tools to model their effects do not exist. The frequency

of these pulsations, however, have been measured, in the range of 0.5 to 10 Hz, but

their direct effect on ignition and fire spread has not been established [6]. To develop

a more accurate fire spread model, research must be performed to understand the

nature of this intermittent flame contact and the factors that influence it’s effect on

the ignition of fine fuels, which typically drive wildland fire spread.

1.1.1 Wildfire trends

Wildfires in the United States have been increasing in size, duration and frequency

since at least the mid 1980’s [7]. Fire exclusion, climate change, and the movement

of populations into the Wildland-Urban Interface (WUI) areas have influenced the

frequency and severity of wildfires. Climate change has been cited as a particularly

strong driver worsening the trends. As global temperatures increase, moisture and

precipitation levels change, generally making wet areas wetter and dry areas drier

[8]. Higher temperatures in the summer and spring combined with early spring snow

melt cause soils to become drier than normal. This increases the likelihood of drought

and might lead to a longer, more severe fire season. In addition, resultant changes
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in vegetation patterns and fire regimes play an important role. These conditions

create wildfires that are more intense and burn larger areas for longer times. Other

factors such as fuel availability and human activity play a role in fire activity. Current

predictions show that temperatures and precipitation are projected to change over

the course of the century, with the potential for wildfire severity increase in many

areas [9].

1.2 Need for an Improved Model of Wildland Fire Spread

Wildfires are destructive and often occur around WUI areas. These fires are hard

to control and manage, often shifting directions due to changing environmental

conditions. Historically, the desire to understand fire spread was motivated by

the need for reliable predictions of where a fire will be in the future, mostly to

plan suppression operations. With rapid technological advancements over the past

several decades, single one-dimensional models have been adapted for use in two and

three dimensional simulations of fire spread for applications ranging from real-time

predictions to risk assessments [10]. The Rothermel model, a 1-D, energy balance

based semi-empirical equation was a significant contribution to the field in terms of

understanding and quantifying wildland fire spread [11]. The same model, however,

is still used as the basis for state-of-the-art coupled fire-weather applications such as

FARSITE.

For an effective response to wildland fires, the ability to model and predict the

movement of fire is required. Equations and models are used to obtain predictions
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and to understand wildland fire behavior. Current models used are empirical in

nature [12] and linked to large scale observations of fire spread, fuel models, and

moisture content levels, etc.

In addition to these empirical approaches, some more physically-based models have

attempted to understand the physical processes responsible for the wildfire behavior

by incorporating the applicable physics and chemistry [13]. However, even these

models must make some assumptions about the fundamental processes of fire spread

and ignition without any experimental basis. The lack of a common formulation for

the physical and chemical processes in the physically-based models points out that a

crucial theory in wildland fire spread is still missing.

1.3 Summary

The work presented in this thesis attempts to add to our knowledge of fire behavior

by experimentally examining the influence of intermittent convective heating to fine

wildland fuels. Following the results from the experiments, the role of intermittent

heating is numerically simulated using a simple heat transfer based model of heating

and cooling over fine fuels. Using this approach, it should be possible to estimate

ignition times and, thus, fire spread. If the behavior of the flame front is already

known, the need to create an improved model for wildfire spread will be discussed.
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Chapter 2

Literature Review

The design of and interest in pulsating burners is not a recent phenomenon. Research

on pulsating burners began at least twenty years ago. The goal of previous research

has been for the design of more efficient combustion processes. Zinn et al. studied

the physical mechanisms in pulsed combustors to make recommendations for a better

design of a novel pulsed combustor [14]. Delabroy et al. later studied the effect

of pulsations on the exhaust levels of nitric oxides [15]. Unlike previous work, this

project uses a pulsating burner (Rubens’ Tube) to study the ignition and heat transfer

mechanisms impacting fine fuels during wildland fire spread. The application of

this research is to obtain a better understanding of wildland fire ignition in which

pulsations have been observed when convective cooling is taken into consideration.

Ignition times across frequencies between 0-5 Hz and varying fuel diameter sizes are

closely studied using different fine fuels.
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2.1 Predicting fire behavior

In a wildland fire, neglecting fuels, the rate of fire spread is increased by a low

fuel moisture content, wind, and sloped surfaces, and decelerated by increased

fuel moisture and downward slopes. Rothermel’s semi-empirical model was one

of the most substantial contributions in the field of wildland fires. The equation,

semi-empirically predicting the rate of fire spread, has been adopted at the core for

most wildfire simulations in the United States [11]. Due to its empiricism, however,

the formulation does not explain the modes of heat transfer contributing to flame

spread, cannot model the start or stop of a fire, cannot incorporate acceleration or

deceleration, and more importantly, is not necessarily valid beyond previously-tested

limits. It is currently implemented in operational models such as BEHAVE [16] and

FARSITE [17].

Recent work by Finney et al. helped to improve our current understanding of

fire dynamics contributing to wildfire spread [6]. Their theory for fire spread

relates observed fluid mechanics features in the flow and their effect on generating

intermittent structures, to downstream heat transfer, using field and laboratory

experiments to present their results. They propose that the method of heat transfer

in fine fuels is dominated by intermittent flame contact, mainly driven by upstream

convective flows. Because wildland fuels that carry fire are incredibly small in

diameter, they are uniquely affected by direct flame contact as convective cooling

limits the role of radiative heating. Conducting tests to better understand the role

of flame intermittency on fine fuel ignition could therefore help to improve future
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wildfire predictions.

Albini and Reinhardt presented a study on the ignition time of wooden dowels. In

their work, they developed predictive equations for ignition time delay and burning

rate for large woody fuels by deriving relationships between fuel properties and

temperatures in a fire environment [18]. Lamorlette et al. theoretically investigated

the impact of intermittent heating in a diffusion flame model [19]. Most other

studies which have investigated intermittent heating have focused on lower frequency

radiative heating changes to thermally-thick fuels, different than what occurs to

thermally-thin fuels in wildland fires [20, 21, 22].

2.1.1 Rothermel’s Model

Fire modeling is used to understand aspects of fire ecology, management, suppression

and hazard assessment. One of the major components of modeling involves describing

the environment (weather, fuel type and topography) and its effect on fire behavior,

such as the fire intensity, rate of spread, etc. Rothermel’s surface fire spread model

is the most well-used model in U.S. fire management system.

The model, categorized as a semi-empirical model, is based on the work of Frandsen

[23], data from wind tunnel experiments and data from field experiments [24]. Initially

it was used to quantitatively calculate U.S. fire danger rating indices [25] and later as a

tool for predicting the behavior of an ongoing fire [26]. The model is now incorporated

into many wildfire prediction software packages for example, BehavePlus [16] and
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FARSITE [17].

The model is based on a conservation of energy, best described by a heat source

divided by a heat sink [23]. Assuming a linear flame front, it calculates the flame

spread rate of a head fire with or without wind and or slope. The schematic of the

different fire behaviors are represented in figure 2.1.1.

Figure 2.1.1: Schematic of (a) no wind fire, (b) wind-driven fire, (c) up-slope fire [26,
27, 28]

This model is valid for a fire going upwards on a slope with or without the presence of

wind over a uniform fuel-bed. Fuels can consist of a mixture of various size classes of

live and dead fuel represented over a single layer of depth. The most influential fuel

component in this model is fine dead fuel. It can address fire for surface fuel up to a

height of 6 ft tall which tends to include brush and small trees. Rothermel’s model

is not applicable to a crown fire in over-story trees, ground-based smoldering fire and

combustion of fuels that burn after the flame front has passed as it was designed to

use fuel, moisture and terrain data prior to ignition. It has associated modules to

calculate flame length, spread direction, fuel moisture, etc. making it applicable over

a range of applications. However, the model makes some strong assumptions like a
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steady rate of spread and uniform, dead fuel bed properties which do not represent

realistic inhomogenous wildland fuels. This limits the results from being completely

accurate in real-world scenarios showing that there is a need to build a better, more

holistic model. The equation’s strength lies in the simplicity of input requirements,

calculations and the freedom to change many of the driving variables. Being able to

change the fuel parameters, a feature not available within statistical models developed

for specific fuel and fire behavior types, makes this an extremely customizable and

useful wildfire model.

The basic Rothermel model with minor modifications by Albini [18] has been in use

for decades.

2.2 Fuel type and classification

Wildland fuels are made of various components of vegetation, both live and dead in

a chosen area. The quality and type depends on the climate, soil, geography and fire

history of the location. To a large extent, studies of annual precipitation, altitude

and topography have been used for vegetation maps [29]. An adequate description

of fuel often requires identifying the fuel components that may exist. This includes

litter and duff layers, woody material, grasses, shrubs, timber and slash, to name a

few. Significant features within each fuel component contribute to the selection of an

appropriate fuel model from Scott et al. [30] to estimate fire behavior. Fuel loading,

size class, distribution of load and its arrangement govern whether an ignition will

result in a sustaining fire. Horizontal continuity influences whether a fire will spread
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or not and how steady the rate of spread will be. Low fuel moisture content has a

significant impact upon fire behavior affecting ignition, spread and intensity.

The original 13 fire behavior fuel models suggested by Anderson [27] have worked well

to predict spread rate and intensity. The creation of a 40 model fire behavior have

been able to cover a larger range of circumstances namely, prescribed fire, wildland

fire use, simulating transition from a crown fire using crown fire initiation models.

It is known that smaller fuels ignite more readily than larger ones. The rapidity with

which small fuels can be heated and ignited makes it an important factor to determine

fire spread in surface fires. The time required to heat a fine fuel to ignition greatly

depends on its Surface Area to Volume Ratio (SAVR). This ratio increases rapidly as

the fuel size decreases. Small-sized fuels burn more rapidly than larger fuels and heat

is released within a shorter period of time with a lower moisture content and greater

SAVR. Dead and woody fuels have been grouped into classes that reflect the rate at

which they can respond to change in atmospheric conditions, generally classified as

seen in Table 2.1. Small fuels have also been found to increase the chances of ignition

within a fuel bed, such as via small firebrands [31].

Fuel models describe the amount and physical characteristics of live and dead fuel.

Dead fuel size classes are based on how rapidly a given fuel particle responds to

environmental changes. The time lag (time for a dead fuel particle to lose 63%

of its initial moisture content by mass) is used to group fuels into size classes by

diameter (1-hr, 10-hr, 100-hr). Live fuel classes are further characterized as woody or

herbaceous. The moisture dynamics between a live and dead fuel differ since live fuels

are driven by the development stages of a plant and don’t readily release moisture
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as does a dead fuel. Studies have shown that fire models are extremely sensitive to

changes in live fuel moisture and highlight that small changes in the live fuel moisture

content cause large changes in the predicted fire behavior [32].

Table 2.1: Frequency Selection

Timelag Diameter (cm)

1 - hr < 0.6
10 - hr 0.6 - 2.5
100 - hr 2.5 - 7.6
1000 - hr 7.6 - 20.3

The fuel moisture content of extinction is the moisture above which fuels will no

longer burn. It is calculated as a function of three variables: dead fuel moisture, dead

fuel moisture of extinction and ratio of live to total fuel. This makes the new 40 fuel

models by Scott and Burgen more complicated due to its dynamic nature. It not only

varies the live fuel moisture but also the ratio of live fuel loading to dead fuel loading.

Figure 2.2.1: Types of fine fuel

Small 1 - hr fuels generally consist of dry grass, pine needles, twings and leaves [Figure

2.2.1]. These fuels are also called flashy fuels due to their rapid ignition and burning

behavior. Even though fine fuels exchange moisture rapidly, they release off moisture
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very slowly when on the ground. The moisture in pine needles, for instance, stay

moist due to sunlight and air only being exposed to the top layer, making it act more

like a larger fuel.

2.3 Role of intermittent heating and cooling

Since ignition is the foundation of wildfire spread [33], understanding fuel particle heat

exchange, ignition processes, and the conditions for sustained ignition is required as

a basis for predicting fire spread and its resultant spread rate. Before looking into

ignition, the flame front must be studied. Flames often consist of three regions: a

continuous flame, an intermittent region where flames fluctuate in appearance, and a

buoyant plume of heated gases following the flame [34].

These regions are not dissimilar from observations in wildland fire, however flames

often lay down closer to the fuel surface when acted upon by wind or slope. It is in

the middle, intermittent region where recent studies by Finney et al. [6] have focused.
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Figure 2.3.1: The different flame regions observed in a spreading wildland fire flame
front by Finney et al. [6]

Research has yet to reveal how convection or flame contact plays a role in fuel ignition

in wildland fires. The intermittent heating and cooling in this case refers to the

heating of the fuel by flame impingement [35]. Byram et al. in their work on wooden

cribs observed the flame contacts ahead of the burning zone playing a role in fire

spread and ignition [36]. Similar observations were made by Rothermel and Anderson

[37] and Albini [38]. Experiments conducted by Vogel and Williams [39] and Carrier

et al. [40] stated that the role of flame contact determined the spread rate of the

flame. With the notion of intermittent flame contact, Clark et al. [41] and Coen

et al. [42] reported forward-pulsing flames as the primary cause for the spread of
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large crown fires. Despite these observations, radiation is still generally used as the

dominant heat transfer mechanism in wildland fire models.

Including convective fuel heating into fire spread models requires some assumptions

along with the presence of unknown parameters. Understanding the characteristics of

this heating and cooling via convection would greatly improve the reliability of future

wildfire models and help predict fire spread.

2.4 Effects of radiation and convection

From the start of fire research, radiation has been assumed as the principal heating

mechanism responsible for wildfire spread [43]. Sen and Puri in their work have

identified radiation as the main heat transfer mechanism for different combustion

processes [44]. While radiation has been identified as the important factor in fire

spread and ignition, analysis of other heat transfer mechanisms such as convection

have yet to be studied. Baines in his work mentioned processes like: convective cooling

to the atmosphere, radiation from the heated part of the fuel bed and conduction

downward and through the fuel-bed may cool the fuel-bed and influence the heat

content [45]. de Mestre et al. presented a theoretical model assuming a steady-state

configuration relative to the fire front, where the fuel bed is assumed to be heated

by radiation from the flame and the fuel bed cooled by radiation from the fuel bed

to space and by convective cooling [46]. Convective cooling was assumed to follow a

Newtonian law with a constant convection coefficient to the model of de Mestre et

al. Incropera and de Witt gave a methodology for calculating values of h for heated
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objects of various shapes, based on Nusselt number, when the cooling is due to either

natural convection or an externally imposed flow [47].

Work on wildfire modeling by Albini played a significant role in establishing radiation

as the governing mechanism of fire spread [18]. The assumption of radiation playing a

key role in fire spread without an experimental basis has become a standard premise

for other modelers. He assumed the flame front to be a steady radiating planar surface

in both surface and crown fire spread model. Although Albini recognized convective

cooling of pre-heated fuels from fire-induced inflow, it was not taken further.

The assumption of radiation as a singular factor has not be accepted easily. Baines

[45] and Weber [48] mentioned that the preheating of fuel particles ahead of the

flame zone was not accounted for in radiation-driven models. The temperature of

fuel during preheating (measured by de Mestre et al. [46]) had a different profile than

that predicted by radiation models. The addition of convective cooling resulted in

profiles that were close to the experimental measurement until the flame front to fuel

distances were withing a few centimeters, shown in Figure 2.4.1.
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Figure 2.4.1: Fuel particle temperature: actual and modeled. The fine dashed line
(model 1) has moisture evaporated at 373 K and the coarse dashed line (model 2) has
continuously evaporated moisture complete at 373 K. but both represent radiation
only models. The solid wavy line is the measured fuel temperature and the steady
solid line is modeled fuel temperature with radiation and convection. (Graph from
Baines 1990 [45])

This suggests that convective cooling from ambient air cools the fine fuels. Therefore,

radiation alone may not be able to explain the ignition behavior of particles in fire

spread. Experiments must be conducted to reveal how convective heating and cooling

influence ignition. Flames carry hot and cold gases to contact fuel particles in fuel

beds. When the fuel is heated by flame contact, it means the flame front extends

and contacts the fuel. Factors such as flame frequency, and the duration of flame

contact and the intermittent flame contact mechanism heats these fuels until it reaches

ignition.

In wildland fires, radiation and convection play complementary roles. To better
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predict the behavior of these fires it is necessary to understand the energy transport

during these processes [27]. The extreme environmental conditions of wildland

fires limits many measurement methods. Nonetheless, studies have reported the

magnitude of radiative and total energy releases from wildland fires. Packham and

Pompe reported radiative heat fluxes from slash fires in Australian forest lands [49].

Their work showed that the sensor type, orientation, and location relative to the fire

significantly influenced measurements, in turn complicating comparisons between

different tests.

In a study to better understand the effect of radiation and convection, Frankman

et al. found that while measurable radiative heating occurred, convective cooling

dominated energy transport in wildland fire spread before ignition [50]. The air

drawn in to approaching flames convectively cooled the sensors as they were heated

by the thermal radiation from the approaching flame. The tests were conducted on

two sets of fuel types in a prescribed burn; sagebrush and a fuel type similar to a

SG 10 fuel profile from Scott and Burgen [51]. The reported findings from their

study stated that, with the approaching fire front, the radiative heating exhibited a

gradual increase with a short and rapid rise right before ignition. Convective heating

was characterized by an increase in heating pulses. This is a key indicator that the

pulsation effect (flame intermittency) plays a role in the ignition of fine fuels with a

thermally thin behavior. At ignition, it was seen that both radiative and convective

heating contribute to this effect and likely depend on different fire regimes.
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2.5 Types of fire spread models

Over the years, various wildland fire spread models have been developed to understand

surface fire spread. Sullivan provided a comprehensive review of existing models

between 1990 - 2007. [52, 53, 54]. Presented as three papers, the models were

categorized into three groups: physical and quasi-physical models; empirical and

quasi-empirical models; and simulation and mathematical analogous model.

Sullivan described a physical model as one that represents the physics and chemistry

of fire spread [52]. A quasi-physical model represents only the physics aspect of

spread. Empirical models contain no physical basis and are typically statistical in

nature whereas a quasi-empirical model uses a physical framework on which the

statistical model is based upon [53]. Empirical and quasi-empirical models can

be further categorized into laboratory-based and field-based to differentiate fully

controlled small-scale experiments conducted indoors and those that have limited

control in the open.

Simulation models are those that implement a fire behavior model (often of low spatial

dimensionality) in a landscape spread application thus addressing different sets of

computation related problems [54]. Mathematical analogous are models those that

utilize a mathematical precept rather than a physical one for the modelling of the

spread of wildland fire.

From the 14 models discussed in the paper, Rothermel’s fire spread model was listed

as the primary spread model used in 9 of the predictive models reviewed by Sullivan.

Computational fluid dynamic (CFD) models are generally three-dimensional, based
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on the Navier-Stokes equations, the basic principles of fluid mechanics, heat transfer

and conservation of mass, momentum and energy. Commonly used in areas of science

and engineering, over the past two decades, CFD models have been adapted and

applied to building fires and wildland fire problems. Currently, CFD based models

are unable to provide a complete and accurate description relevant to fire dynamics

[55]. Despite this, these models showcase a strong coupling between fire and the

environment, often considered critical to a basic understanding of wildfire behavior.

While some CFD-based models incorporate physically-based approaches to modeling

fire spread, some use one-dimensional models like Rothermel at the fuel surface,

further necessitating the need for a more comprehensive, physically-based model to

be available.

2.6 Rubens Tube

In 1905, German physicists Rubens and Krigar-Menzel found a way to visually

demonstrate acoustic standing waves behavior known as “flame tube”, “standing

wave flame tube” and “Rubens’ tube”. Because the Rubens’ flame tube provides an

exciting visual representation to better understand sound waves, it serves well as a

teaching demonstration. Inspired by the works of Kundt who made the “Kundt tube”

a tube filled with fine powder like cork dust and driven at resonance to identify the

pressure anti-nodes once the dust settled [56]. Another precursor to the invention of

the flame tube was a paper published by Behn in 1903 [57]. It described the sensitivity

of flames to variations in ambient pressure. A combination of both the results led to
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the development of this visually impressive device.

In this apparatus, flammable gas flows through the inside of the tube and then through

the the small holes drilled along the top, and flames are lit above. The tube is closed

at one end using a seal or casing and driven with a loud speaker at the other end.

When audio is played at one of the tube’s resonance frequencies, flames form a visual

standing wave pattern and they vary in height according to the pressure amplitude

of the tube as seen in figure 2.6.1.

Figure 2.6.1: A visual demonstration of standing wave using Rubens’ tube

One of the most notable studies of the Rubens’ Tube was performed by Ficken and

Stephenson [58]. They showed that flame maxima occurred at pressure nodes within

the tube and flame minima at the pressure anti-nodes. The results were explained

using a simple model based on the incompressible Bernoulli equation indicating that

the time averaged flow rate of the gas was greatest at the pressure nodes. However, for

low gas flow rates, this effect reverses and the flame minima occurs at the pressure

node and the flame maxima at the anti-nodes. Their work has offered the most

complete explanation of the Rubens tube to date.

Jihui and Wang tried to understand the relationship between flame height and
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pressure in the tube [59]. They reported that the flames were larger at the pressure

anti-nodes and smaller at the pressure nodes which was a direct contrast to the works

of Ficken and Stephenson. Due to the lack of information on gas pressure, it was

difficult to tell. Spagna [60] focused on the behavior of the flame in the normal and

reversal operation of the tube. He attempted to determine the relationship between

the flicker in the flame to the speaker response. Using a Schileren projection of the

flame, he observed banding in flames. The results were inconclusive in identifying a

relationship. However, it was suggested that the flame and the standing waves may

be decoupled where the flame is only probing the acoustic field inside the tube.

An extension of the original work done by Ruben, was that of Daw who created a

square and circular flame table to visualize two-dimensional standing wave patterns

[61, 62]. His work expanded on the different patterns observed and correlated it

to better understanding flame structure in terms of eigen functions and a paper on

visually demonstrating the acoustical modes in each hole.

Recent work by Gardner et al. [63], found that the holes on top of the tube were

the primary cause of the shift in resonance frequencies. For a tube with larger holes

(greater than 1 mm) the error shift came to 17% whereas for smaller tubes, it was

10%. The acoustic impedance in the hole is dependant on the frequency, playing a

greater role at low frequencies than the higher ones. Depending on the parameters

used to build the tube, this phenomena may or may not be strongly present. An

implication from the study was measuring the wavelength of sound inside the flame

tube using the flame pattern in conjunction with a definition for the speed of sound

in the tube,
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c = λf (2.1)

where c is the speed of sound inside the tube [m/s], λ the wavelength of sound [m]

and f the frequency [Hz].

In a more advanced setting, the tube can be used to better understand acoustical

resonance behavior at a much deeper level. There are other likely uses for the

flame tube, in understanding simple flame behavior under pressure and puffing

characteristics.

2.7 Motivation

Development of a proper theory of how ignitions occur in wildland fires may aid

in the development of an improved fire spread model in the future.As ignition is

experimentally traceable, a solid physical theory can be developed for it in simplified

configurations that represent real wildland fire scenarios. Previous models have

incorporated processes of convection and radiation [13, 48], however the process of

ignitions that occur at the fuel level have been assumed without sufficient experiments

to verify these approaches. From the above literature review, numerous gaps in

current knowledge can be found which motivate the present work.

The above summary points out several directions for further research. The present

study aims to carry out research which will begin to address these gaps by focusing

on intermittent heating and cooling of fine fuels by flames, incorporating both

experiments and simple models which incorporate convective cooling.
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Chapter 3

Experimental Apparatus and

Instrumentation

3.1 Experimental Design

Stationary burners have been used to study fire spread in the built environment,

focused on mean properties of the flame, but until recently have not been utilized

for wildland fire or the study of intermittent flame effects on ignition. This research

aims to understand and evaluate the effects of convection seen in wildland fires using

a unique algorithm.

A pulsed-gas burner was designed for these experiments, shown in figure 3.1.1,

recreating the pulsations observed in wildfires in a controlled laboratory environment.

A 5 cm diameter, 40 cm long cylindrical aluminum tube is pressurized with propane

gas at two inlets. A series of 31, 2 mm diameter holes with a separation distance of

0.5 cm are drilled in a line on the top of the cylinder, generating a relatively linear
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flame front.

Figure 3.1.1: Experimental setup

Pulsations are generated via a speaker connected to one end of the tube, with pulses

of increased amplitude causing pressure waves which produce intermittent bursts of

flames above the device. The final design of the tube used for experiments is seen in

figure 3.1.2

Figure 3.1.2: Experimental setup

Following preliminary testing, a sine wave of 200 Hz was applied and the audio was

customized with varying amplitudes and duration of on and off times, to achieve

the desired flame pulsation frequency. Pulsation frequencies are determined from a
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Fast Fourier Transform (FFT) of temperature measurements in the plume, ranging

from 0.5 - 5 Hz. Thin fuel elements made of basswood are used as fuel, due to

their availability in varying sizes (0.08 cm, 0.16 cm and 0.32 cm). Ignition tests

are conducted by quickly inserting the fuel into the center-line of the flame using a

spring-loaded linear slider. By varying the flow rate of gaseous fuel and placing the

fuel at different heights the temperature difference between the ambient and the peak

temperature observed by the fuel element during a pulse could be varied between

experiments.

Heating from the pulsating flame was also modeled using measured values and heat

transfer correlations, assuming the elements are thermally thin from experimental

results. Once it is assessed how various frequencies observed in wildland fire tests

can relate to ignition and spread through diverse fuels, the framework can be used to

quantify the influence of intermittent heating and cooling on fine fuel ignition. This

could be applicable to wildland fire spread modeling in the future, once a simplified

theoretical model for fuel ignition is developed based on the experiments.

3.2 Instrumentation and Software

A detailed description of the instrumentation and software used for data acquisition

and analysis is given in the following section.

25



3.2.1 Digital Camera

A Nikon D7000 digital SLR camera (4,928 3,264 pixels) was used to capture flame

side- view images during tests [Figure 3.2.1a]. In addition, a GoPro Hero 6 was used

to capture a side-view video of the setup shown in figure 3.2.1b.

(a) Nikon D7000 [64] (b) GoPro Hero 6 [65]

Figure 3.2.1: Digital cameras used during experiments

3.2.2 Thermocouple

To conduct tests and analyze the data, the temperature shifts of the flame at specified

heights during tests had to be known as seen in figure 3.2.2.

Figure 3.2.2: Thermocouple setup when used for temperature measurements
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R-type thermocouples were used to capture this data. Wire diameters of 0.050 mm

and 0.075 mm were used. The small diameter of the R-type thermocouple minimized

thermal losses and decreased the lag time of the thermocouple. The response time

of the thermocouple was estimated by the manufacturer to be on the order of 0.05 s.

The small bead diameter also reduces disturbances to the flame and minimizes the

radiation loss correction from thermocouple, estimated to be around 100 K at the

maximum flame temperature measured [66]. A schematic of the thermocouple used

is shown in figure 3.2.3.

Figure 3.2.3: Thermocouple and mount used for temperature measurements

3.2.3 IR camera

An infrared camera, a FLIR E95 with a 7.5-14 µm spectral range, 640 x 480 pixel

resolution, and 60 fps recording rate, is used to obtain a temperature profile of the

stick as a function of time. The software used for this analysis is FLIR’s Research

IRMax. The software enables the user to adjust environmental parameters such as

ambient temperature, emissivity, and distance from the object. The emissivity was

set to 0.88 for all experiments [67].

While soot within the flame may distort temperature readings of the fuel surface
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during pulsations, there is an adequate window with no flame present between

pulses from which temperatures can be tracked to determine ignition times. These

measurements will later be compared to fine wire thermocouple measurements on the

fuel surface to verify the technique as a part of future work.

Figure 3.2.4 shows the setup of the camera, during an experiment, capturing data for

ignition time analysis.

Figure 3.2.4: Thermocouple and mount used for temperature measurements

3.2.4 Data acquisition hardware and software

A Compact DAQ USB chassis with C-series I/O modules from National Instruments

was used in experiments to record temperature measurements. For temperature

measurements, the voltage signal from the thermocouple was acquired, conditioned

and digitized through a NI 9214, which is a 24-bit high density 16-channel

thermocouple input module with a 0.02◦C measurement sensitivity. A built-in

cold-junction compensation circuit is provided in the NI 9214. In addition to the

cold-junction compensation system, the NI 9214 also has an extra, internal-only

channel known as the auto-zero channel, from which an offset error can further be

eliminated to provide more accurate measurements. The NI 9214 module is used
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for thermocouple and heat flux measurements at high frequencies. For the duration

of this work, a frequency response of 95 Hz on the card and 5 samples for every

data collection cycle was set. LabVIEW is used for continuous data acquisition, with

a script prepared to collect temperature measurements. The scripts also provide

readings of the data, such as maximum value, minimum value, mean value and a

real-time measure of the data being collected.

3.3 Measurement Methodology

Experiments were first conducted without any fuels, instead collecting temperature

measurements using a fine-wire thermocouple. The frequency of pulsations, fuel

flow rate, and the sampling distance from the burner were varied resulting in a

large array of temperature measurements. By mapping the temperature difference

between the peak temperature at the pulse and the ambient temperature between

two pulses, the effects of distance, flow rate and flame frequency were studied. The

same conditions were then used to identify ignition conditions where a fuel should

be placed. In this case, the conditions to ignite the fuel using a minimal flow rate

and the furthest distance from the burner were crucial in obtaining the maximum

convective cooling and minimal radiation from the flame emanating from the burner

between pulses. Once ignition with these conditions were obtained, thermocouples

were placed to obtain the temperature difference, allowing for the dependence of

ignition, fuel diameter and difference in temperature to be quantified.
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3.3.1 Flame Velocity Measurements

Heat transfer correlations used to estimate heating from the flames are dependent

on the flame temperature and velocity of the hot gaseous flowing. As intrusive

diagnoses were not applicable of being used here, video footage was assessed to

estimate the velocity of the flame. The flame itself was used as a flow tracker, shown

in figure 3.3.1, where the flame tip as trailed as a function of time and the resulting

distance travelled (red line) in addition to its instantaneous velocity (green line) is

automatically calculated from the experiments conducted.

(a) t = 0 s (b) t = 0.2 s

(c) t = 0.25 s (d) t = 0.3 s

Figure 3.3.1: Flame velocity tracking using the software Kinovea

An enlarged image of the tracked path showing the distance the flame has traveled
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and its velocity is seen in figure 3.3.2. The reference point taken to predict the values

of velocity and distance is the length of the linear holes on the burner which was

constructed to be 16 cm total in length. The initial height of the flame without any

pulsations is observed to be around 0.18 cm by the software (Figure 3.3.3).

Figure 3.3.2: Represents the last point of the flame tracked

A simplified approach can also be used to estimate the velocity of the flame from

equation 3.1.

v =
√
gL (3.1)

where g is the acceleration due to gravity (9.8 m/s2) and L is the length of the flame

[m]. The plot showing representative velocities for different conditions is shown in

figure 3.3.3 which are on the same order as those calculated from equation 3.1 for the
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different heights of fuels studied.

Figure 3.3.3: Represents the last point of the flame tracked

As shown, these velocities experience minor variations once the flame rises due to the

audio pulsation which is after 2 cm from the stationary burner flame tip. The average

velocity for the distances covered by the flame using the tracker was found to be 1.15

m/s.

3.4 Ignition test parameters

Understanding the ignition of fine fuels exposed to intermittent flames at varying

frequencies is the basis of this study. These experiments are conducted with the

previously-described gaseous burner varying the frequency of the flame, the size and

type of fuels, as well as the location of the fuel, i.e. ignition on the center of the fine

fuel versus the edge of the fuel . Figure 3.4.1a, 3.4.1b shows an ideal example when

the center of the fuel is the ignition point (Center tests) and figure 3.4.1c, 3.4.1d
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represent when the edge of the fuel is ignited.

(a) Image of a center test (b) IR image of a center test

(c) Image of an edge test (d) IR image of an edge test

Figure 3.4.1: Visual difference between a center ignition test and an edge test
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Chapter 4

Flame Characterization

4.1 Rubens’ tube

In order to study the effects of intermittent heating on fuels, the first step was to

characterize the flame. Originally, the Rubens’ tube was used to show the relationship

between sound waves and sound pressure. Music or audio generated through a speaker

causes pressure waves to travel to the bottom of the tube, bounce back to the top

of the tube and out the perforations. When propane gas fills the tube, it raises the

internal pressure inside the tube greater than the atmospheric pressure as seen in

figure 4.1.1. In this research, the tube is modified in an attempt to create large flame

pulsations which mimic wildfire experiments.
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Figure 4.1.1: Inviscid flow through a hole [63]

Once a Rubens’ tube is lit, the flames rise to a height related to the flow rate of

the gas. If an assumption of inviscid and incompressible flow is used, the flow out

of a perforation can be modelled using Bernoulli’s equation. A simplification that

considers the change in height of the fluid is negligible yields equation 4.1 [58],

ρv2

2
= PT − P∞ (4.1)

where ρ is the density of the fluid [kg/m3], v the velocity of the ejected gas [m/s], PT

is the pressure inside the tube and P∞ the atmospheric pressure.

Therefore, the velocity of the gas is proportional to the square root of the difference

between the pressure within the tube and the atmospheric pressure [63].

v ∝
√
PT − P∞ (4.2)

4.2 Audio file selection

In order to perform tests on fine fuels, a stable audio file had to be generated. The

vital piece that enabled creating a sine wave audio file was the error sound used in a

2014 Macbook Pro. Using an audio editing software, Audacity, different parameters
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such as frequency of the sine wave, amplitude, and time periods for on and off sections

were varied to produce a steady flame frequency.

The sound introduced through the tube with the speaker was fixed as a sine wave.

This was because sine waves not only helped create an optimal audio sound to run

further experiments, but it also prevented the flame from extinguishing when played

for long periods of time. Typically, the Rubens’ tube uses music or audio from a

frequency generator. The visual effects from the tube are also visually observed in

the form of a sine wave but at 200 Hz the wave is barely visible and appears as

standing flames [58].

The standing wave of the flame has a wavelength equivalent to that of the sound

being played. The wavelength can be found using equation 4.3

λ =
v

f
(4.3)

where λ is the wavelength [m], v the speed of sound through gas (approximately 258

m/s [68]) and f the frequency generated [Hz].

Experimentally, the wavelength can be measured physically from peak to peak of

the standing wave and verified using equation 4.2. However, for the purpose of this

experiment, the number of holes on the tube was not sufficient to help visually identify

the frequency played through the tube. It has been found that low frequencies played

on the tube are difficult to identify from a visual standpoint [6].

To create a sine wave audio file to conduct experiments, the frequency had to be

selected. Frequencies ranging from 10 Hz - 300 Hz were played for 0.1 seconds on the
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speaker connected to the tube. The resulting flame effects were captured to find a

frequency that resulted in break-off of the flame from the base of the tube that would

mimic the intermittent region of a flame front. The result of the tests conducted are

shown in table 4.1. Tests were conducted ten times to calculate the repeatability of

flame break off which have been rounded off to the nearest tenth. A frequency of 200

Hz was found to be most suitable for the designed Rubens Tube as it always produced

break-off in all experiments performed and therefore it was used to build the audio

file.

Table 4.1: Frequency Selection

Frequency
(Hz)

On Time
(s)

Duration
(s)

Result Repeatability
(%)

10 0.1 1 No flame break off -
50 0.1 1 No flame break off -
75 0.1 1 No flame break off -
100 0.1 1 No flame break off -
120 0.1 1 No flame break off -
125 0.1 1 Flame break off 40
130 0.1 1 Flame break off 60
150 0.1 1 Flame break off 90
170 0.1 1 Flame break off 90
180 0.1 1 Flame break off 95
200 0.1 1 Flame break off 100
220 0.1 1 Flame break off 95
250 0.1 1 Flame break off 90
280 0.1 1 Flame break off 70
300 0.1 1 Flame break off 40
350 0.1 1 No flame break off -

In order to find the total time duration of the flame (on and off time duration)

equation 4.4 was used to obtain the total duration for a single wave packet (also

known as a singular pulse) of a known frequency containing one specified on and off

section (Table 4.2).
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f =
1

T
(4.4)

where f is the frequency of the wave [Hz] and T the time period of the wave [s].

Table 4.2: Required time duration for each pulsation period according to frequency

Frequency (Hz) Duration for single
pulsation period(s)

0.1 10
0.2 5
0.3 3.33
0.4 2.5
0.5 2
1 1
2 0.5
3 0.33
4 0.25
5 0.2
8 0.125
10 0.1

4.2.1 On time

Intermittent heating effects seen in wildland fires have the flame coming in contact

with the fuel for short periods of time. The typical flame frequencies observed in this

region are between 0.5-10 Hz where time of flame contact is found to be lower than half

a second from wildfire videos [5]. Experiments were conducted on the Rubens tube to

identify the maximum time the flame can stay on for the duration’s specified without

extinguishing itself. The combination of the on-time and the specified off-time help

create a well formed flame break off. Results from the tests are recorded in table 4.3.

It was found that 0.1 s was the maximum time the flame could be “on”.
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Table 4.3: Selection of on-time duration

On Time (s) Duration (s) Result

0.05 1 Flame sustained
0.1 1 Flame sustained
0.2 1 Flame extinguished
0.3 1 Flame extinguished
0.4 1 Flame extinguished
0.8 1 Flame extinguished
1 1 Flame extinguished

4.2.2 Off time

Upon fixing the on time duration, an off time duration had to be fixed according

to the frequency. By subtracting 0.1 seconds (on-time) from the total duration of a

pulse period (Refer to Table 4.2) results in new off-time durations shown in table 4.4

with the necessary off time duration according to the required flame frequency.

Table 4.4: Required time duration for each pulsation period according to frequency

Frequency (Hz) Duration for single
pulsation period(s)

0.1 9.9
0.2 4.9
0.3 3.23
0.4 2.4
0.5 1.9
1 0.9
2 0.4
3 0.23
4 0.15
5 0.1
8 0.025
10 0

The combination of the on and off time duration of the signal creates a single pulse

period. When this is repeated multiple times, it forms the audio file used in the
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experiments.

4.2.3 Frequency measurement

Periodic pulsations observed in flames are one of the most visible characteristics

observed by the human eye and has received considerable attention since 1950 [69].

Studies have shown that the pulsations are due to the periodic formation and, upward

propagation of the vortices around a flame due to buoyant convection. A time

dependent temperature reading (recorded at 95 Hz) was taken from a distance of 12

cm from the burner for intended frequencies at 0.5, 1, 2.5, 3.5 and 5 Hz. The collected

readings were then converted to obtain the frequency of the pulsating flames using

an FFT with the information of the audio files. The result, shown in figure 4.2.1,

shows that the flame pulsates at the user specified frequency with almost no error.

The interval between each peak in the graph provides the frequency of the flame. For

example, for a 1 Hz audio file, the obtained FFT peaks were at 0.5 Hz, 1 Hz, 2.5 Hz,

and so on.
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(a) 0.5 Hz (b) 1 Hz

(c) 2.5 Hz (d) 3.5 Hz

(e) 5 Hz

Figure 4.2.1: FFT results for different frequencies to verify flame frequency.

The key characteristics of the audio file for the five selected frequencies and the

resulting flame frequencies from the thermocouple tests are noted in Table 4.5. Since

the experimental flame frequencies are the same as the designed audio file, tests with

different types of fine fuels were conducted to understand its effect on ignition.
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Table 4.5: Selection of on-time duration

Frequency (s) Duration of single pulse (s) Resulting FFT
frequency (Hz)

On Time (s) Off Time (s)

0.5 0.1 1.9 0.5
1 0.1 0.9 1
2.5 0.1 0.3 2.49
3.5 0.1 0.185 3.51
5 0.1 0.1 5

4.2.4 Temperature Profiles

Flames were characterized by placing an exposed R-type thermocouple (0.050 mm

and 0.075 mm diameter) at pre-defined heights above the tube. Temperature

measurements were taken at 95 Hz for several hundred pulsations over a period of

time (30 seconds). Figure 4.2.2 shows the resulting temperature measurements for

all flame frequencies tested for all experiments. A large ∆T was desired, therefore

the sampling height and fuel flow rate was varied until an average peak value of 1030

K and a baseline value of 350 K was repeatably created at each frequency, resulting

in a temperature difference of around 700 K with each pulse. For frequencies higher

than 5 Hz, it was no longer possible to reach higher ∆T values, as cool air was unable

to reach the test region in the time between between pulses. Variations in readings

are mostly due to variability of the flame height, which may be caused by external

factors such as ambient air flows in the laboratory and pressure differences within the

tube. Additional variability is incorporated into these experiments due to the diverse

nature of woody fuels, therefore tests are repeated numerous times, typically at least

10, to ensure a reasonable variability between all results.
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(a) 0.5 Hz (b) 1 Hz

(c) 2.5 Hz (d) 3.5 Hz

(e) 5 Hz

Figure 4.2.2: Temperature readings recorded above the burner for different applied
frequencies. Gaseous fuel flow rates and the height of the fuel samples were adjusted
in order to provide relatively similar temperature differences.
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Chapter 5

Experimental Results

5.1 Fuel Characteristics

A variety of fuel types were selected to conduct ignition tests. These were selected

based on both applicability and availability. The fuel characteristics and differences

and base data used for each type of fuel are mentioned below.

Birch wood was selected as it’s a common, easily-available wood product.

Unfortunately, birch wood was not available in all desired sizes but 0.32 cm diameter

samples were tested, a sample shown in figure 5.1.1.
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Figure 5.1.1: Birch wood sample

Properties of birch wood from the literature are shown in table 5.1.

Table 5.1: Physical characteristics of birch wood

Variable Value

ρ 670.5 ± 97 kg/m3

cp 1.9 kJ/kgK [70]
k 0.14 W/mK [70]
Tig 575 K
L 19.5 cm
d 0.32 cm

Basswood was available with the smallest dimensions, down to 0.08 cm, a sample

stick shown in figure 5.1.2.

Figure 5.1.2: Basswood sample
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Properties of basswood from the literature are shown in table 5.2.

In order to obtain the small scaled sticks square shaped was obtained, where

cylindrical samples were previously used. Therefore, d of basswood represents the

width of any edge of a basswood square.

Properties of basswood used for calculations are shown in table 5.2.

Table 5.2: Physical characteristics of basswood

Variable Value

ρ 392 ± 150 kg/m3

cp 1.9 kJ/kgK [70]
k 0.14 W/mK [70]
Tig 573 K
L 20 cm
d 0.32 cm, 0.16 cm, 0.08 cm

Pine needles were also tested as they represent a typical fine fuel in wildland fires.

Dead long leaf pine needles were used as a part of this study (figure 5.1.3).

Figure 5.1.3: Pine needle samples

As a natural fuel, they experience a wide variation in dimensions and properties.

Some values used from previous literature in this thesis are noted in table 5.3 .
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Table 5.3: Physical characteristics of pine needle

Variable Value

ρ 270 ± 60 kg/m3

cp 1.5 kJ/kgK [70]
k 0.15 W/mK [70]
Tig 553 K
L 24.5 ± 3 cm
d 0.14 ± 0.02 cm

Finally, hard paperboard used previously in experiments by Finney et al. were tested

so that these samples could be assessed and compared from previous studies [5]. Their

properties are shown in table 5.4.

Table 5.4: Physical characteristics of paperboard

Variable Value

ρ 600 ± 18 kg/m3

cp 1.7 kJ/kgK [70]
k 0.15 W/mK [70]
Tig 563 K
L 15 cm, 20 cm
th 0.25 cm, 0.1 cm
d 0.64 cm, 0.25 cm

5.2 Visual analysis

An IR camera was used to record the experiments, as shown in figure 5.2.1.
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Figure 5.2.1: IR camera setup

The collected videos were then processed using proprietary FLIR software (IRMax) to

obtain the temperature readings on the surface of the fuel throughout the experiment,

an example shown in figure 5.2.2. The software allows changing factors such as

emissivity, distance and other environmental conditions; however, because ignition

occurs with a significant rise in temperature with respect to time, it is easy to note

this threshold even if errors exist in temperature readings.

Figure 5.2.2: Gathering surface temperature data from software IRMax

An example of recorded temperature data is shown in Figure 5.2.3 for a scenario

where a sample ignites and one where it is heated but does not achieve ignition. A
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basswood stick of diameter 0.16 cm was used here, exposed to a flame frequency of 1

Hz at 9 and 12 cm from the burner, creating different temperature differences of 700

K and 850 K which affected the ability of the stick to ignite.

Figure 5.2.3: Raw temperature measurements taken from IR readings are shown for
two samples where pulsations of the flame distort the surface temperatures of the fuel

Temperature data from the IR camera is later processed to remove temperatures

where the flame is present between the camera and the fuel sample using a MATLAB

code incorporating the ‘envelope’ function that follows the base temperature values,

resulting in a smoother line that more accurately represents the temperature of the

fuel surface as seen in figure 5.2.4.
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Figure 5.2.4: Surface temperature measurements taken from IR readings are shown
for a sample that ignites and one that is heated but does not ignite.

5.3 Ignition conditions

Experiments were conducted to understand if there was any plausible effect on ignition

time with respect to flame frequencies. Standardizing the tests to minimize the

number of variable parameters was vital. This was done by running tests in the

similar environment conditions at all times, fixing the burner distance (testing height)

that would have similar temperature differences with change in frequency and using

similar gas flow rates. As frequency increased, the testing height was observed to

increase so that the temperature difference (∆T ) remained around the 700 K mark.

The resulting ignition times were identified and the mean value over 10-15 successful

tests were used for analysis. In addition to this, tests were conducted to identify the

furthest distance from the burner where ignition still occurred and named as “limit

height” for the remainder of the document. This indicated the presence of an ignition

and no-ignition zone that was dependent on the temperature difference and distance
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from the burner. It should be noted that testing and limit height is identified as the

distance of the fuel from the top of the burner in centimeters. The following section

discusses the different observations found from the experiments. A detailed analysis

on each of these effects is done in the following sections.

5.3.1 Birch

Birch wood, one of the thickest fuels tested, showed a decrease in ignition time with

increase in flame frequency. At the slower pulsations (0.5 - 1 Hz) the ignition time

varies quite extensively due to the unpredictability of the flame hitting the stick at

random locations and varying intensities. This called for more tests to be conducted in

order to better represent the data and eliminating any outlier. This variability in flame

contact reduces with higher frequency, also reducing the ignition times drastically as

seen in figure 5.3.1.

Figure 5.3.1: Ignition times for birch wood heated at the center for different
frequencies
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For a 0.5 Hz, center test, ignition occurs around the 35 seconds mark and experiments

show that the stick ignites within 8 seconds with a 5 Hz flame frequency. It indicates

that the intermittency of the flame plays a significant role in ignition. Being a

relatively thicker fuel, the testing height with higher frequencies only increased by

a few centimeters (Table 5.5. Similar effect was seen with its ignition limit height

although the limit heights increase more with higher frequencies (notable after 3.5

Hz). The resulting ignition times at the testing height where temperature difference

was fixed at ∆T around 700 K are shown in table 5.5 for center tests and table 5.6

for edge tests. The maximum distances from the burner where ignition is possible

have been noted in table 5.5 for center tests and table 5.6 for edge tests.

Table 5.5: Birch wood - Center

Frequency
(Hz)

Testing
Height(cm)

Mean Ignition time(s) Limit Height(cm)

0.5 10 35 ± 13.5 10
1 10.5 32.2 ± 5.32 10.5
2.5 11 27.5 ± 2.4 11.5
3.5 12.5 21.46 ± 2.9 13
5 13.5 7.71 ± 1.25 15

Comparing the results between the center and edge tests of Birch wood shows that

while edge tests ignite faster (2 - 5 seconds), changes in the height from the burner

doesn’t result in drastic variations in ignition time (figure 5.3.2). This is due to the

thicker diameter of the fuel, resulting in a lower SAVR as compared to the other fuels

tested, thus being less sensitive to the intermittency of the flame.
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Figure 5.3.2: Ignition times for birch wood heated at the edge for different frequencies

Table 5.6: Birch wood - Edge

Frequency
(Hz)

Testing
Height(cm)

Mean Ignition time(s) Limit Height(cm)

0.5 10 29.2 ± 9 10
1 10.5 23.8 ± 7.5 11
2.5 11 20.5 ± 3.16 11
3.5 12 17 ± 3.27 13
5 13 9.56 ± 2.02 14

Another observation noted is that the testing heights are fairly close to the limit

region of ignition indicating that fuels with a diameter greater than 0.4 cm would be

less likely to ignite when exposed to these flame pulsations.

5.3.2 Basswood

Ignition tests were conducted on basswood sticks with a thickness of 0.08 cm, 0.16 cm

and 0.32 cm for flame frequencies of 0.5 Hz, 1 Hz, 3 Hz and 5 Hz. The relationship

between the thickness of the stick, frequency and ignition times were studied. The

53



effect of temperature differences was also studied, and is presented in a later section.

Tests were also conducted for a constant flame (representing a high frequency).

The resulting trends are plotted with their respective standard deviation between

repeated tests in Figure 5.3.3. Basswood has the largest variation in terms of fuel

thickness (0.08 cm, 0.16 cm and 0.32 cm). Results from these tests have shed more

light on how fuel thickness plays a role and reacts differently to the flame pulsations.

Figure 5.3.3: Ignition times for basswood sticks heated in the center at different
frequencies with a fixed ∆T of 700 K
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Table 5.7: Basswood - Center

Diameter
(cm)

Frequency
(Hz)

Testing
Height (cm)

Mean Ignition time (s) Limit
Height
(cm)

0.32 cm

0.5 10 36.1 ± 14.4 11
1 10.5 34 ± 10.75 11
2.5 10.5 27.4 ± 5.6 12
3.5 10.5 17.8 ± 1.7 14
5 11 4.75 ± 0.89 17

0.16 cm

0.5 10 29.7 ± 18.9 12
1 10.5 20.7 ± 10.9 13
2.5 11.5 11.7 ± 4.3 15
3.5 12.5 9.06 ± 2 16
5 13 3.4 ± 0.5 17

0.08 cm

0.5 12 10.76 ± 8.65 13
1 12.5 9.18 ± 7.89 13
2.5 13 9.67 ± 4.66 15
3.5 14 4.95 ± 0.95 18
5 15 1.7 ± 0.35 24

The thickest size, 0.32 cm, follows a very similar trend to birch wood of the same

thickness as shown in figure 5.3.4.

Figure 5.3.4: Ignition times for basswood and birch wood stick of size 0.32 cm heated
at different frequencies with a fixed ∆T of 700 K
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With the exception of shape and density of different fuels forming some small

differences, overall basswood and birch wood respond to intermittent heating

similarly. Like previous observations, the ignition time reduces with an increase in

flame frequency and the variability is greater at lower frequencies.

The mid-sized fuel, with a thickness of 0.16 cm, has a lower ignition time than its

thicker counterpart. The increase in SAVR and a more thermally thin behavior

accelerates the temperature of the stick with each pulsation causing quicker ignition.

The thinnest Basswood stick, 0.08 cm, has a slightly unique behavior than the other

sizes. The higher SAVR causes the stick to reach ignition with very few pulses.

While the variations in ignition times at lower frequencies still exist, the stick, due

to its thin nature, has a larger variability in ignition time requiring a minimum of

15 tests to average the results. The smaller difference in ignition time indicates that

the thinner fuels aren’t affected by the flame intermittency and location of the stick

exposed to the flame (figure 5.3.5) as significantly as the thicker fuels.
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Figure 5.3.5: Ignition times for basswood sticks heated in the edge at different
frequencies with a fixed ∆T of 700 K

Comparing all the three sizes of fuel together, it is noted that the height at which

fuel were tested to have a temperature difference of 700 K (testing height) and the

furthest distance where ignition occurs (limit height) increases quickly with a decrease

in thickness when data from tables 5.7 and 5.8 are compared.
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Table 5.8: Basswood - Edge

Diameter
(cm)

Frequency
(Hz)

Testing
Height (cm)

Mean Ignition time (s) Limit
Height
(cm)

0.32 cm

0.5 10 31.15 ± 5.8 10
1 10.5 25.45 ± 8.9 11
2.5 10.5 17.03 ± 3.6 11
3.5 10.5 14.65 ± 0.68 12
5 11 8.03 ± 2.5 13

0.16 cm

0.5 10 26.47 ± 16.5 12
1 10.5 20.23 ± 13.45 12
2.5 11.5 12.55 ± 5.78 14
3.5 12.5 8.45 ± 1.32 15
5 13 5.03 ± 0.37 16

0.08 cm

0.5 12 20.55 ± 14.8 15
1 12.5 17.95 ± 6.68 17
2.5 13 7.38 ± 6.33 17
3.5 14 5.23 ± 1.48 19
5 15 3.3 ± 0.58 22

5.3.3 Pine needles

Dried pine needles from longleaf pine, the thinnest fuel type tested, showed behavior

similar to 0.08 cm diameter Basswood sticks as seen in figure 5.3.6. With ignition

times reducing as frequency increased, pine being a natural fuel had a lot of variations

in terms of its length, thickness and shape. This in turn slightly affected the tests

and results.
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Figure 5.3.6: Ignition times for pine needle heated at the edge for different frequencies

Overall, the fuel being thin results in behavior that is thermally thin in nature.

The limit heights increased drastically as compared to the previous fuel (Table 5.9),

showing that an intermittent flame is capable of igniting the fuel from a distance of

15 cm away, greater than other fuels tested.

Table 5.9: Pine needle - Center

Frequency
(Hz)

Testing
Height(cm)

Mean Ignition time(s) Limit Height(cm)

0.5 13 19.02 ± 6.5 14
1 13 14.9 ± 8.3 14
2.5 13.5 8.3 ± 3.11 15
3.5 14 3.83 ± 0.83 16
5 15 3.16 ± 0.86 21

5.3.4 Paperboard

Experiments were performed on a slightly different material of two different thickness,

0.64 cm and 0.25 cm, to understand if combs of paper-based fuel would experience
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the same behavior as woody fuels. It should be noted that the paperboard used are

the same ones from experiments conducted by Finney et al. [6]. Results indicate that

they do follow the same trend lines in testing heights, ignition time and limit heights

as seen in figures 5.3.7, 5.3.8 and tables 5.10 and 5.11. A unique factor seen during

tests is that the cardboard tends to pyrolyze or smolder in the beginning prior to

ignition.

Figure 5.3.7: Ignition times for cardboard sticks heated in the center at different
frequencies

60



Figure 5.3.8: Ignition times for cardboard sticks heated at the edge for different
frequencies

While the ignition time reduces with frequency, the rate of reduction in this fuel type

is slower and more gradual than basswood and birch wood. This could be due to

the difference in the fuel characteristics like molecular structure and other chemical

properties.

Table 5.10: Paperboard - Center

Diameter
(cm)

Frequency
(Hz)

Testing
Height (cm)

Mean Ignition time (s) Limit Height
(cm)

0.64 cm

0.5 9.5 37 ± 12.5 11
1 10 35.7 ± 7.5 11
2.5 10 28.4 ± 5.7 12
3.5 10.5 18 ± 2.2 14
5 11 5.6 ± 0.5 17

0.25 cm

0.5 12 30.5 ± 9.34 12
1 12.5 29 ± 6.6 13
2.5 13 20.5 ± 6.93 15
3.5 13 11.5 ± 2.03 16
5 14 4.5 ± 0.45 17
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Table 5.11: Paperboard - Edge

Diameter
(cm)

Frequency
(Hz)

Testing
Height (cm)

Mean Ignition time (s) Limit Height
(cm)

0.64 cm

0.5 9.5 27.5 ± 2.4 11
1 10 21.1 ± 7.5 12
2.5 10 17.9 ± 2.8 13
3.5 10.5 12.6 ± 2.2 14
5 11 8.99 ± 2.5 16

0.25 cm

0.5 12 20.8 ± 9.2 13
1 12.5 13.2 ± 5.5 14
2.5 13 .86 ± 3.4 17
3.5 13 8.9 ± 0.7 17
5 14 4.8 ± 0.35 20

5.4 Constant flame

An analysis was performed in order to identify if the sticks could be assumed to

behave as thermally thick or thermally thin materials using equation 5.1 [71],

tw
tp

=
˙qin
′′ d

k(Tp − Ti)
(5.1)

where tw is the time of thermal wave propagation [s], tp is the time for the stick to

pyrolyze and ignite [s], ˙qin
′′ is the heat flux from the flame to the stick [W/m2], d is

the thickness of the stick [m], k the thermal conductivity of wood [W/mK], Tp is the

pyrolysis temperature [K], and Ti the initial temperature of the stick [K].

If tw/tp < 0.1, a material is usually assumed thermally thin, without internal

temperature gradients being considered. From calculations, all the basswood sticks

were found to be close to thermally thin. The theoretical time to reach a heat of

pyrolysis for thermally thin elements was then calculated [71],
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tp =
ρcp (Tp − Ti) d

˙qin
′′ (5.2)

where tp is the time for the stick to pyrolyze and ignite [s], ρ is the density of the

stick [kg/m3], and cp is the specific heat capacity of the wood [kJ/kg K].

The heat transfer coefficient is found by calculating Nu, the Nusselt number, using

equation 5.3 [71].

h =
Nu k

Lc

(5.3)

For a low Reynolds number and Pr > 0.6 [47],

NuD = 1.15Re
1/2
D Pr1/3 (5.4)

where NuD is the Nusselt number, ReD is the Reynolds number and Pr is the Prandtl

number of air.

Alternatively, the Biot number can be calculated for the three sizes of wood,

Bi =
hLc

k
(5.5)

where h is the heat transfer coefficient [W/m2K], Lc the characteristic length, which

is commonly defined as the volume of the body divided by the surface area of the

body and kb the thermal conductivity of the body [W/mK]. The Biot number for

sticks of sizes 0.32, 0.16 and 0.08 cm were 0.36, 0.26 and 0.19, respectively, roughly
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maintaining a thermally-thin assumption. If Bi << 1, convective heat transfer to the

surface is significantly slower than internal conduction heat transfer. What results

is no significant temperature variation inside the body, implying that temperature

gradients can be ignored, allowing a lumped capacitance model to be used. However,

results show that these fuels lie roughly near, but not entirely in the thermally-thin

regime, meaning that while taking that assumption in analysis may work reasonably

well for smaller diameters, additional errors will be introduced as the diameter of the

fuels increases.

The resulting ignition times were calculated and compared to experimental values

for tests using a constant flame (no pulsations). Figure 5.4.1 provides a plot of the

resulting ‘steady’ ignition times for the basswood sticks of three different sizes.

Figure 5.4.1: Theoretical and experimental ignition times for basswood sticks exposed
to a constant flame.

Figure 5.4.1 and table 5.12 shows that the theoretically-calculated ignition times

roughly, for basswood, follow the same trends up to 0.16 cm, increasing in time with

increasing diameters.
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Comparing all the ignition times for the different fuel types, shown in figure 5.4.2, it

can be seen there is a lot of variability and difference in prediction between theory

and experiments.

Figure 5.4.2: Theoretical and experimental ignition times for all fuels exposed to a
constant flame.

The predicted ignition times are typically higher than the experimental results,

possibly due to variations in the flame over time, variability in the wood and its

properties, and numerous assumptions incorporated into this simplistic analysis,

notably an assumption of lumped capacitance due to the fuels small diameter.

The difference increases with increasing stick diameter, which also suggests the

thermally-thin assumption may not be accurate for all sizes. The under-prediction of

ignition time for pine needles is partly due to inaccuracy in obtaining ignition times

from experiments using the FLIR software. Being a natural fuel, the dimensions

varied more than the other fuel types. More tests will be conducted in the future to

determine the accuracy of these assumptions.
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Table 5.12: Constant flame for all materials

Wood Thickness(cm) SAVR
(cm−1)

tig,exp (s) tig,theory(cm) Bi

Birch 6.25 0.32 2.6 ± 0.24 4.1 0.36

Basswood
0.32 12.6 2.23 ± 0.42 2.12 0.36
0.16 25.1 2.05 ± 0.23 1.62 0.26
0.08 50.1 1.77 ± 0.15 1.3 0.19

Cardboard
0.64 6.4 2.58 ± 0.14 3.88 0.30
0.25 16.1 2.53 ± 0.3 1.85 0.20

Pine 0.06 14.3 2.23 ± 0.54 0.7 0.23

5.4.1 Summary of ignition time results

The mean ignition time for sticks of all thicknesses decreases as a function of increased

flame pulsation frequency. As expected, the smaller the thickness of the stick, the

shorter the ignition time. Frequency, however, plays a greater role with larger

thickness sticks. This highlights how heating and cooling, due to the intermittency of

the flame, depends on the thickness or diameter of fuels. For thicker fuels, the cooling

period between pulses allows for convective cooling, preventing it from reaching the

ignition temperature. If the stick is unable to reach this point, it cannot produce

enough pyrolyzate to sustain ignition and either internally chars or extinguishes at

the end of every pulse. Very fine fuels with a high surface area to volume ratio respond

very effectively to each pulse, reaching an ignition quickly.

In a wildland fire, where very fine fuels are often the medium supporting the

progression of the flame front, this shows that intermittent heating may only provide

a slight delay in ignition times.
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5.5 Temperature dependence on ignition

After running multiple experiments to identify the effect of ignition time across various

flame frequencies at a fixed temperature difference, the influence of these temperature

difference on ignition was studied as shown in figure 5.5.1. By varying the distance

from the burner for varying flame frequencies ranging from 0.5 - 5 Hz, resulting in

ignition, thermocouple measurements were collected from the furthest distance from

the burner. The difference in temperature for each test was identified and plotted as

follows.

(a) 0.32 cm (b) 0.16 cm

(c) 0.08 cm

Figure 5.5.1: Ignition and no ignition conditions observed in basswood sticks

Experiments and analysis have indicated the presence of a ignition and no-ignition
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zone that is dependent on the temperature difference. The value of this difference is

higher for lower flame frequencies as in the case for 0.5 Hz igniting at the 700 K point

but ignition is seen at 5 Hz with a difference of 350 K for basswood of diameter 0.16

cm in figure 5.5.1b. The graph also indicates that the thickness of the fuel affects

this term, ∆T ; a basswood stick of diameter 0.08 cm (figure 5.5.1c) the limit is at

250 K where as for diameter 0.32 cm (figure 5.5.1a) it’s at 370 K. To standardize the

different experiments, the temperature difference was fixed to approximately 700 K.

This ensures that the fuel experiences the same difference in temperature but gives

room to understand the effects of ignition in relation to flame frequencies.
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Chapter 6

Heat Transfer Analysis

A simplified heat transfer model is presented here to describe heating and ignition

of fine fuels in response to an intermittent flame. Numerous assumptions, including

thermally-thin behavior, are taken in order to provide a first-order estimate of ignition

time. The convective heat transfer correlations may not be entirely appropriate as it

is not known whether the boundary layer fully forms within the short time pulsations

impact the fuel, however without better forms available these correlations are used in

this first analysis.

6.1 Lumped capacitance method

In a lumped capacitance model, the solid is assumed to have a spatially uniform

temperature [47] with temperature only being a function of time, T (t). While this

assumption is not perfect for these fine fuels, it is a reasonable starting point for

these calculations. Initial conditions are first assumed, i.e. that the fuel is at ambient
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temperatures, for T (0) = To,

h(T∞ − T )As = ρcp
∂T

∂t
V (6.1)

The total energy transfer to a solid for the time from 0 to t is then

Q = ρcpV (T∞ − To) = mcp∆T when t→∞ (6.2)

The time needed to heat a solid from To to its current temperature T is

t =
ρcp
h

V

As

ln

(
T∞ − To
T∞ − T

)
(6.3)

Rearranging equation 6.3 provides an equation for the temperature of a solid as a

function of time,

T (t) = T∞ + (To − T∞)e

−hAst

ρcpV (6.4)

With radiation losses this equation becomes,

[h(T − T∞) + εσ(T 4 − T 4
∞)]As = ρV cp

dT

dt
(6.5)

To create a simplistic theoretical model in this research, equation 6.4 is used to

determine the temperature of a fuel particle as a function of time.
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6.1.1 Heat transfer characteristics

The Biot number, a ratio between conduction and convection thermal resistance [47]

is computed as a function of time within the model to provide more information about

the heat transfer characteristics of the input fuel,

Bi =
hLc

k
. (6.6)

The characteristic length used in the Biot number is calculated based on the volume

V of the fuel element and its area, As,

Lc =
V

As

. (6.7)

The model is built with the capability of addressing both cylindrical and cuboidal

geometries, as these were both used in experiments. For a cylinder, relevant equations

to describe the geometry include the surface area,

As = πdH = 2πrH (6.8)

Volume,

V =
πd2

4
H = πr2H (6.9)

Characteristic length,
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Lc =
d

4
=
r

2
(6.10)

and Biot number,

Bi =
h

k

r

2
. (6.11)

For a cuboid the equations are similar including the surface area,

As = 2HW (6.12)

volume,

V = LHW (6.13)

characteristic length,

Lc =
L

2
(6.14)

and Biot number,

Bi =
h

k

L

2
. (6.15)

6.2 Convective heat transfer

To calculate convective heat transfer to individual fuel particles, including both

heating and cooling, appropriate Nusselt number correlations must be determined.

With the small diameter and velocities of the flame low Reynolds numbers can

generally be assumed [47] For convective heating with Pr > 0.6 an appropriate
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correlation for convective heating is

NuD = 1.15Re
1/2
D Pr1/3, (6.16)

where NuD is the Nusselt number, ReD is the Reynolds number based on the velocity

measured from flame tracking and Pr is the Prandtl number of air. Figure 6.2.1 shows

a representative temperature rise of a 0.32 cm diameter basswood stick heated by 1000

K air.

Figure 6.2.1: Constant convective heating result for a basswood stick of diameter 0.32
cm

For convective cooling, Churchill and Chu have recommended a single correlation for

a wide Rayleigh number range of cylindrical elements [47],

NuD =

[
0.36 +

0.387Ra
1/6
D[

1 +
(0.559

Pr

)9/16]8/27 ,
]2

(6.17)
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where [RaL < 1012]. Figure 6.2.1 shows the drop in stick temperature as a function

of time for a basswood stick of diameter 0.32 cm convectively cooled from 1000 K.

Figure 6.2.2: Constant cooling result for a basswood stick of diameter 0.32 cm

The foregoing correlations provide the average Nusselt number over the entire

circumference of an iso-thermal cylinder. For a heated cylinder, local Nusselt numbers

are influenced by boundary layer development. In our experiments short timescales

may prohibit formation of a fully-developed boundary layer during some test duration,

however the exact effect is unknown.

6.3 Simulation Results

The MATLAB code re-creates experiments by forming temperature profiles of gas

surrounding fuels based on input audio files similar to the experiments and runs the

heating portion of equation during the on duration and the cooling portion during

the off duration for a user-specified testing period (60 seconds).
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The theoretical model aims to re-create the experiments previously performed to

estimate an ignition time for any type of fuel, with varying diameters, exposure to

a wide range of flame frequencies and effectively simulating the intermittent heating

condition using heat transfer equations. One of the vital standalone points in the

model is its ability to create the audio files used in the form of a square/sine wave to

run the simulation. This allows the user running the model to have flame frequencies

anywhere from 0.1 Hz to 5 Hz. Figure 6.3.1 shows the result for the slowest ignition

condition from the set of basswood experiments. In this simulation the model is using

a 0.32 cm diameter basswood as fuel, exposed to a 0.5 Hz flame frequency which is

the slowest ignition condition in the basswood tests.

Figure 6.3.1: Simulation result for a basswood stick of diameter 0.32 cm exposed to
a flame frequency of 0.5 Hz

The simulation indicates that ignition is achieved at approximately 50 seconds . The

mean ignition time from tests is 36 seconds with a standard deviation of 14.4 seconds,

therefore the simulation time comes just under the upper limit of the experimental
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result, showing over-prediction. The input file being a square wave, has quick heating

and cooling effects as the file logic is based on an on-off alternating approach.

Simulating the quickest scenario among the basswood tests shown in figure 6.3.2

results in an ignition time of 1.2 seconds which is just above the lower limits of

a basswood test of 1.7 ± 0.35 seconds using a 0.08 cm stick exposed to a flame

frequency of 5 Hz.

Figure 6.3.2: Simulation result for a basswood stick of diameter 0.08 cm exposed to
a flame frequency of 5 Hz

Simulating all experimental conditions using this simulation has produced results that

are often over-predicted or under-predicted. This is an indication that the equations

and or assumptions made in the model have to be modified further to obtain more

accurate results in the future. Trends, however, generally agree with experiments.
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6.4 Comparison with experimental results

All experimental conditions using basswood sticks and the different flame frequencies

used for center ignition tests were plotted and compared to the predicted results from

the model. The compiled results are shown in figure 6.4.1.

Figure 6.4.1: Plots with experimental and simulation results of ignition time for all
basswood sticks

From the figure, it can be noted that there is a large variation in predicted and

experimental ignition time when diameter of the fuel increases. The likely cause for

this is due to the thermally thin assumption. It is possible that the thicker basswood

sticks behave more like a thermally thick fuel at the higher diameters. In the thinnest

fuel of basswood, 0.08 cm diameter, the experimental and predicted results match

closely validating the thermally thin approach is true for extremely thin fuels. Table

6.1 shows the values for ignition time obtained both theoretically and experimentally.

While the previously observed trend of ignition time decreasing with increase in flame
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frequency, the same trend is seen from the simulation results.

Table 6.1: Basswood Experimental vs Predicted Ignition Time for Center Tests

Diameter
(cm)

Frequency
(Hz)

Mean Experimental
Ignition time (s)

Predicted Ignition
time (s)

0.32 cm

0.5 36.1 ± 14.4 50
1 34 ± 10.75 25
2.5 27.4 ± 5.6 11
3.5 17.8 ± 1.7 5.2
5 4.75 ± 0.89 3.5

0.16 cm

0.5 29.7 ± 18.9 23
1 20.7 ± 10.9 11
2.5 11.7 ± 4.3 5
3.5 9.06 ± 2 2.4
5 3.4 ± 0.5 1.9

0.08 cm

0.5 10.76 ± 8.65 11.5
1 9.18 ± 7.89 5.5
2.5 9.67 ± 4.66 2.5
3.5 4.95 ± 0.95 1.5
5 1.7 ± 0.35 1

The model can more accurately predict ignition times in the future by considering

thermal gradients within the fuel. More work is required to be done before it can

be used to predict results for all types of fuel or be embedded within a flame spread

model.
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Chapter 7

Conclusions and Future Work

7.1 Conclusion

Intermittent heating, as expected, is found to be capable of igniting fine fuels with

intermittent flames over a wide range, although though this is slower than ignition

times with constant flames. As the thickness of the fuel decreases, intermittent

heating plays a reduced role, with the small mass of fuel rapidly heating. Somewhat

larger fuels are more susceptible to the cooling period between pulses, significantly

reducing ignition times.

In real wildland fires external radiation and convective cooling are also present

during the flame spread process. Now that effects of intermittent heating have been

quantified, a numerical scheme incorporating heating and cooling have been used to

predict ignition times with all flame frequencies containing heating and cooling. The

current theoretical model developed forms a simple and solid foundation to model the
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effects of intermittent heating and cooling for fuels of different diameters and types.

These pulsations seem to be a very important factor modeling wildland fire spread

because fuels far from the fire front can be sporadically heated due to pulses from

the flame, especially during high winds or steep slopes. An experimental platform

now exists to validate future computations with each component of heating, useful

for numerical predictions of ignition times and, hopefully, someday used in future

wildfire simulations.

7.2 Future Work

Extensive work has been performed to uncover the trends and effects seen from

intermittent heating in wildland fires. There is room to uncover more information

about the intermittent flame region. Conducting experiments using steel or copper

rods of different thickness to better understand heat transfer onto stick-shaped

elements exposed to pulsating flames is a viable option. Using the data from these

tests, the internal heating mechanisms can be modelled for both center and edge tests

and heat transfer (Nusselt number) correlations formed for different fuel geometries.

Inserting thermocouples onto the surface of fuels as well as within fuels can help

uncover the thermal influences affecting the temperature of the fuels and verify their

thermally thick or thin nature. Using live fuels would also help shed light on the

effects of moisture content and different fuel properties on ignition time.

The model used here currently used has a lot of room for improvement. First,

incorporating thermal gradients within the fuel appears important for thicker fuels.
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In addition, using sine or triangular waves as the input audio file may help mimic

the flame pulsations and allow MATLAB to solve the heat transfer correlations more

proficiently. Evaluating the cooling equation with additional literature review sand

computations could better the model and increase the time taken for fuels to cool to

ambient temperature.
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Appendix A

Additional Figures

A.1 Dependence of distance from burner on ignition

Figure A.1.1 below shows the distance between the burner to the fuel sample that

creates an ignition and no ignition region for each diameter of basswood. The grey

zone depicts the area where ignition might or might not occur, depending on the

environmental conditions.

For basswood,
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(a) 0.32 cm (b) 0.16 cm

(c) 0.08 cm

Figure A.1.1: Distance from burner influencing ignition for basswood

Figure A.1.2 is a compiled image from Figure A.1.1 showing all basswood ignition

data as a function of height on one graph.
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Figure A.1.2: Compiled basswood data as a function of distance from the burner
influencing ignition

The same information is shown for birch wood in Figure A.1.3.

Figure A.1.3: Distance from burner influencing ignition of birch wood fuel
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