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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 Wild�re 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 �re 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 classi�cation

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

9



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 E�ects 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 �re 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 = �f (2.1)

where c is the speed of sound inside the tube [m=s], � 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.
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