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Wildland fire spread is typically described as a function of fuel, weather, and

topography. An understanding of how these parameters are interrelated can help

to close the gap on our understanding of the flame spread process. Fire spread over

steep slopes is unique because the flame dramatically transitions from a detached,

“plume” mode to an attached “boundary layer” mode at what appears to be a

critical angle. The change in flame shape significantly increases the rate of spread by

increasing the length and magnitude of heating ahead of the burning region. This

attachment behavior has been observed in the literature, however the correlation

between fire intensity, slope, wind, and flame shape is not yet well described or in a

form which allows for prediction of fire behavior.

A series of experiments using stationary gas burners have been undertaken

to describe the behavior of a steady flame at multiple slopes under both wind and

non-wind conditions. A stationary gas burner has been used to emulate flames un-

der various fire intensities, burner aspect ratios, slopes, and wind conditions. A

small-scale apparatus was first used to image hot gases using a shadowgraph tech-



nique coupled with downstream temperature measurements. Later a larger-scale

apparatus was used with downstream temperature measurements to determine in-

stantaneous downstream heating lengths. Both steady and time-dependent analysis

of the attachment process is presented, along with its relation to fire spread.

Based on the observed trends from these relationships non-dimensional pa-

rameters are introduced to relate the effects of inclination, wind, fire size and aspect

ratio to the length of the heating region ahead of the burner. It is proposed that

this value may be useful as a simple way to incorporate these effects in a wildland

fire spread model.
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Chapter 1: Introduction

1.1 The Wildland Fire Problem

The 2017 and 2018 wildland �re seasons were two of the most devastating on

record in the United States. The Forest Service (USFS), California Department of

Forest and Fire Protection (Cal�re), and other �re �ghting agencies struggled to

control large and intense �res across the western United States. To give an exam-

ple, the 2017 �re season saw 12,306 structures destroyed by wildland �re, 8,065 of

which were residences [1]. There are a number of reasons why there is an increase in

destruction from wildland �re across the western United States and the world. Fire

seasons in the United States are on average 78 days longer than they were in the

1970s [2]. Longer �re seasons create a higher probability for hot, dry, windy days

which are a recipe for a devastating �re. Despite longer �re seasons the number

of wildland �res has decreased or remained constant since 1985; USFS suppression

costs have gone from around$100 million in 1985 to a record$2.6 billion in 2018,

which was more than 50 percent of the USFS annual budget [1]. When the USFS

has to spend more than 50 percent of the annual budget on �re suppression alone,

management and research e�orts fall to the wayside. New techniques in �re manage-
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ment and better understanding of wildland �re behavior are crucial for combating

increasing �re seasons and larger �res that are the new normal.

1.2 Modeling Wildland Fire Spread

The scale of the wildland �re problem in the United States necessitates the use

of technology and tools that can aid in decision making and management. During

a wildland �re, �re managers have to determine how to best utilize �re�ghting

resources to preserve life, property, and environmental resources. Models that can

predict �re behavior are useful in these scenarios as they are able to give insight into

wildland �re spread based on it's controlling mechanisms, namely fuel, weather, and

topography. While �re modeling has proven useful for wildland �re management,

it still faces several challenges. A small time window is available for results to be

useful on an active �re. Conditions in the wildland �re environment change very

rapidly and require models to provide results in real time. The time sensitivity of

a spreading wildland �re necessitates operational models keep computational costs

low. Input for these models is also sometimes lacking, with unknowns in fuel and

weather conditions adding to uncertainty in predictions.

A lack of understanding related to the physical mechanisms governing wildland

�re spread is another challenge that limits the accuracy of modeling in wildland �re.

Operational wildland �re models in the U.S. are all empirically based, relying on

observations from laboratory and �eld experiments to predict 
ame spread rates.

Despite the lack of physical understanding in these models, they are still useful
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to �re managers. As stated by Finney et al. \An operationally valid model may

not correctly describe the process or phenomena; it need only identify a pattern of

behavior that is useful in some way." [41]. Among the existing, more physically-

based models, they have been found to lack a common formulation of the physical

and chemical processes that in
uence �re spread [4,5].

The Rothermel model is an empirical rate of spread model that underlies

all U.S. operational �re systems and has proven very useful in �re management,

representing current operational modeling capabilities. This model was the �rst of

its kind when published in 1972, describing �re spread in terms of a semi-empirical

model for a wide variety of fuels and conditions. Development of the model was

primarily based on careful testing of homogeneous, dead fuel beds in a wind tunnel

at the USFS Missoula Fire Sciences Laboratory [6]. The di�erent measured spread

rates and 
ame behavior lead to Rothermel developing his equation for wildland �re

spread rates. While the Rothermel model was a major advancement at the time,

it poses some major limitations due to the assumptions taken in its development.

The model is one dimensional, assumes fuels are homogeneous, considers laboratory

scale 
ames, and assumes burning and spread rates are steady state. It is well

known that none of these characteristics are true for wildland �res. Wildland �re

is a three-dimensional problem, burning through many types of fuel beds at many

di�erent scales, and is rarely in a steady state. Despite this the Rothermel model is

still used today due to its practicality, the lack of an alternative, and the di�culty

in creating a new physically-based 
ame spread model that is useful in the �eld. An

improved physical understanding of �re is necessary in order to begin to make this
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transition. Important phenomena to include in a new physically-based 
ame spread

model would include the ignition of live vs. dead fuels, the in
uence of changing

wind and slope on spread rate, the proportion of convective and radiative heating,

and the impact of discrete fuel particles on spread. This study will focus on one of

these aspects, the in
uence of wind and slope on �re behavior and the interaction

of 
ames with the downstream surface.

Development of physical models often requires careful measurements of the

phenomena to develop understanding and eventually a theory. Wildland �re, how-

ever is a di�cult phenomena to measure. Constant variations in weather, wind

direction, fuel properties, scale of the �re, and accessibility make taking careful

measurements di�cult. Attempts to take measurements on active wildland �res

often fail due to the misplacement of instrumentation, unexpected �re behavior, or

poor timing. Spreading �res have long been studied in the laboratory and do repre-

sent some aspects of large-scale �re behavior, however they are still di�cult to take

detailed measurements on as �res constantly move and require signi�cant e�ort to

set up each time. Alternatively, in this study stationary burners are used to isolate

certain 
ame characteristics by giving a \snapshot" of a spreading �re under various

conditions. These stationary �res can be carefully observed and instrumented to al-

low for the development and understanding of the physical mechanisms that control

their behavior [7{13]. This physical understanding can then be validated through

measurements collected during instrumented �eld-scale �res previously discussed.

The transition from the Rothermel model to a new, operational, physically-

based 
ame spread model is well beyond the scope of this study. Measurements and
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analysis conducted in this study, however, will aid in this future transition through

improved understanding of fundamental �re behavior under di�erent inclinations

and wind-driven conditions.

1.3 Inclined Flame Spread

Both the magnitude of the heat 
ux ahead of a burning region and the distance

over which this heat 
ux is applied are important parameters in determining rates of


ame spread. When �res occur over an inclined surface, they tend to angle towards

the downstream (higher elevation) surface, increasing both radiative and convective

heating of unburned fuels, decreasing the time to ignition. The process by which


ames angle or bend over inclined surfaces is therefore of particular interest.

When �res occur on an incline, the geometry between the vertical buoyant

motion of hot gases and the angled slope causes an e�ective `blockage', limiting

entrainment on one end of the 
ame. This causes the 
ame to bend towards the

surface, and eventually `attach' resembling a boundary-layer 
ow. As the 
ame

approaches the surface it increases heat transfer both due to increased convection,

due to the 
ame's proximity to the surface, and radiation, due to a favorable view

factor between the 
ame and downstream fuels. The degree to which the 
ame angle

changes is a function of the buoyancy of the �re and the momentum of the wind

acting on the �re, e�ectively generated by this buoyancy and the sloped geometry.

In inclined scenarios, a threshold of attachment has often been observed where

entrainment from the inclined side of the �re is e�ectively completely obstructed,
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causing the 
ame to lay 
at on the surface, signi�cantly enhancing convective and

radiative heating. Previous studies [14{17], have observed this phenomena in various

geometries, sometimes terming it the `trench' e�ect when sidewalls are installed.

While the 
ame geometry and spread rate has been studied in these con�gurations,

very little is presented in terms of thermal measurements downstream of the 
ame,

which are necessary to more quantitatively model 
ame spread.

1.4 Flames in a Forced Flow

Similar to inclined surfaces, when �res are acted on by a concurrent 
ow they

tend to angle toward the downstream surface, increasing radiative and convective

heating to unburned fuels and decreasing the time to ignition. As in the inclined

scenario, the magnitude of heat 
ux and the distance over which this heat 
ux is

applied are a�ected by the geometry of the 
ame and remain important parameters

in determining rates of 
ame spread. The process by which 
ames angle or bend in

a concurrent 
ow are also of particular interest.

When �res occur on a level surface in a concurrent 
ow, the momentum of the

concurrent 
ow interacts with the vertical motion of the buoyant plume, pushing it

toward the downstream unburned fuels. Flames in a concurrent 
ow do not have the

same \attachment" mechanism that the inclined scenario appears to have, rather

a smoother transition is observed in 
ame behavior as the concurrent 
ow velocity

is increased. As in the inclined scenario, as the 
ame approaches the surface it

increases heat transfer due to increased convection and the 
ame's proximity to the
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surface. Heat transfer is also increased from radiation, due to a favorable view factor

between the 
ame and downstream fuels. The degree to which the angle changes is

a function of the buoyancy of the �re and the momentum of the wind acting on the

�re. Di�erences in the way 
ames respond to the wind generated in a concurrent


ow and by buoyancy in an inclined scenario will be studied here.

1.5 Research Overview

In this study, two separate experimental set ups are used to take qualitative

and quantitative measurements downstream of a propane-fueled gas burner array.

First, 25 high-frequency thermocouples are used to characterize downstream heating

and attachment from a 9.2 cm� 50.2 cm inclined gas burner. A shadowgraph

imaging technique was also used to visualize the behavior of the buoyant plume

downstream of the gas burner. Next, a much larger adjustable-size burner is used,

up to 61 x 183 cm, placed within a wind tunnel for combined slope and wind

experiments. An array of 60 high-frequency thermocouples are used to characterize

downstream heating and attachment of this larger inclined gas burner.

Since most wildland fuels which drive 
ame spread are very thin, often< 1

mm in diameter, 
uctuations in convective heating from 
ames becomes important

when describing ignition of fuels [3, 5, 18]. High frequency thermocouples in each

experimental set up provide an instantaneous temperature pro�le down the center

line of the 
ame. These temperature pro�les are useful for determining 
ame lo-

cation for a variety of heat-release rates, aspect ratios, and incline angles. As the
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ame location varies with time it is then plotted as a probability distribution and

compared to other tests in order to determine the e�ect of each varied parameter.

Shadowgraph data in the small set ups are also used in order to con�rm and compare

observations collected using high frequency thermocouples at a larger scale.
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Chapter 2: Literature Review

2.1 Flame Spread

Fundamentally, 
ame spread is the result of su�cient heat input from an

existing 
ame into a solid or liquid fuel, liberating 
ammable vapors from the fuel

surface. These fuel vapors mix with oxidizer from the ambient environment to

form a 
ammable mixture; with su�cient energy input these vapors will then ignite

and either self extinguish or begin a feedback loop that results in the fuel surface

continually releasing su�cient vapors to sustain this reaction, i.e. 
ame spread [15].

In most �res, including wildland �res, 
ames occur as a di�usion 
ame, where fuel

vapors and ambient oxidizer meet in a thin 
ame sheet to react. The size of the

resulting 
ames are then mostly determined by the rate at which the fuel vapor is

emitted from the surface of the fuel, and somewhat by rates of downstream mixing.

The fuel di�usion rate is a function of the fuel and the heat 
ux acting on the surface

of the fuel.

The rate of �re spread is then determined by the interaction of forward reaching


ames with local unburnt fuel [19]. This interaction occurs when a heat 
ux is

imposed on the unburned fuel, driven by one or more heat-transfer mechanisms.
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The spread rate is then de�ned by the rate at which the combustion or pyrolysis

zone moves across a fuel surface [15].

The process of �re spread has been studied experimentally, theoretically, and

though the use of numerical models, although the exact �re spread process in wild-

land �res is still not fully understood. Fundamentally, 
ame spread can be described

as an energy balance across the fuel front,

Vp� � h = _q00 (2.1)

whereVp is the 
ame spread rate,� is the density of the fuel bed and �h is the di�er-

ence in thermal enthalpy between the burning and unburnt fuel [15,19]. Williams [19]

has called this the fundamental equation of �re spread. If steady state and a con-

stant ignition temperature Tig are assumed, and phase changes are neglected this

equation can be simpli�ed,

Vp =
_qf

00

�c p(Tig � T0)
(2.2)

The thermal enthalpy � h can be represented as the speci�c heat capacitycp� T, or

energy to increase the temperature of a material 1� C multiplied by the di�erence

in temperature for ignition from ambient. Since all variables in the denominator of

equation 2.2 are properties of the fuel, it is shown that the heat 
ux to the unburnt

fuel _qf
00is one of the most important quantities for determining 
ame spread [15].

The heat 
ux to the unburnt fuel is in
uenced by the geometry of the 
ame and the

ambient conditions, which will later be discussed in more detail.
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2.2 Wildland Fire Spread

Wildland �res have gained increased national attention as several recent events

have occurred in the western US at a scale and with a destructive force rarely seen

in history. These �res have become a challenge to manage with current techniques

and technology, highlighting the need for further research. As Finney et al. point

out in their review \there is no current veri�able physical theory of 
ame spread to

allow for precise predictions needed to properly manage wildland �re spread" [5].

Without the ability to make reliable predictions of wildland �re behavior, improved

management of wildland �re will remain an uphill battle in the United States and

elsewhere around the world.

Wildland �re spread often behaves di�erently than 
ame spread in the built

environment. One important di�erence is the lack of a continuous fuel surface.

Wildland �res are dominated by heat transfer between discrete fuel particles; this

process of heat exchange is not completely understood, especially at fuel particle

scales [5]. As 
ame spread can be thought of as a series of ignitions, understanding

the physical processes behind the ignition of these �ne fuel particles, including the

heat transfer that drives this ignition process is important.

Until recently it was mostly assumed that wildland 
ame spread was domi-

nated by radiative heat transfer [18]. Cohen and Finney proposed that �ne wildland

fuels can be exposed to high radiant heat 
uxes without igniting due to favorable

convective cooling. This is signi�cant as radiant heat transfer has received much

more attention in the wildland �re research community and models generally assume
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a radiative-dominated spread behavior. If convective heat transfer is the driving

force behind 
ame spread in wildland fuels, work must be done to understand and

con�rm this.

Wildland �re spread is also described as more complex than �re spread in the

built environment due to the constantly evolving wildland �re environment. Forest

fuels are complex and extremely variable. While fuel variability is not explicitly

considered in this study, a focus directly on heating conditions should be translatable

in the future to many di�erent fuel con�gurations. In comparison to fuels and

weather, topography is often a more �xed variable to consider in wildland �re.

Topography is relatively constant in wildland �re timescales and changes only in

space with elevation, steepness of slope, and land features.

Di�erent conditions during a wildland �re may cause rapid 
ame spread and

are of particular interest when it comes to predicting �re behavior. Understanding

rapid 
ame spread anomalies, especially those that occur over short spatial or time

scales, can prevent �re�ghters from being caught o� guard while working a �re,

and assist in the design of communities, evacuation plans or management strategies,

where this type of behavior can be anticipated. Two known anomalies known to

cause rapid 
ame spread are changes in slope and wind.

2.2.1 Inclined Flames

In wildland �re it is known that rapid 
ame spread up a slope, sometimes

called a �re \eruption" can be caused by 
ame attachment on steep slopes [20{24].
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Through experimental methods Moriandini et al. as well as Dold and Zinoviev found

that the 
ow �eld surrounding the burning region changes as a result of the degree of

incline, which would cause the 
ame to interact with the downstream surface [20,22].

The 
ame interaction with the downstream surface, or \
ame attachment" causes

enhanced preheating of the unburned fuels and more rapid 
ame spread.

Morandini et al. used particle image velocimetry to observe the 
uid dynamic

e�ects of a 
ame spreading up an inclined surface [20]. They found that there is an

inversion of the local wind in front of the 
ame front as incline increases. They also

observed the presence of signi�cant convective heating as the incline increases and

the 
ame attaches to the downstream slope [20]. Dold et. al also studied slope as a

condition for the \eruptive spread" of wildland �res, or dramatic increase in spread

rate and �re behavior. Flow attachment at the vegetation surface and ahead of the

�re line was found to increase the spread rate [22].

Flow attachment ahead of the burning region has also been observed and

studied in the built environment, most famously the Kings Cross Fire, which gained

attention when 31 people perished and 100 more were injured due to rapid 
ame

spread up a \trench" in a London Tube escalator [14]. Drysdale and Macmillian

[14] studied this 
ame attachment in a trench by adding sidewalls and restricting

entrainment; it was noticed that 
ames attach much more readily in this scenario.

Figure 2.1 shows the relationship between inclination angle and spread rate from

previous small scale studies that omit the use of sidewalls. From this �gure it is

obvious that inclination angle drastically alters the modes of heating which drives


ame spread.
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Figure 2.1: Flame-spread rates against reported 
ame spread rate for small scale

�res are shown from Gollner et al [25], Pizzo et al. [26], Drysdale and Macmillan [14]

and Xie and DesJardin [27]. Figure from [15].

Gollner et al. [25] investigated the e�ects of inclination angle on 
ame spread

over a PMMA slab, the results of which are shown in Figure 2.1. It was found

that the maximum 
ame spread rate occurred in a near-vertical orientation, with

the increase in 
ame spread rate attributed to buoyancy-induced 
ows modifying

the heat-
ux pro�les ahead of the 
ame front. This is similar to previous results,

also shown, by Quintiere, Pizzo, Drysdale and Macmillan and Xie and DesJardin

[14,26,27,42]. Fernandez-Pello and Hirano [28] also found that the degree to which

hot combustion gases interact with unburnt fuel plays a large role in the rate of


ame spread. The rate of spread is then determined by the amount of time unburnt

fuel takes to reach its pyrolysis temperature. While extensive research has been

done in the vertical orientation under natural entrainment conditions [15, 29{31],

less work has been performed on 
ame behavior at intermediate angles. A thorough
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review of 
ame spread in inclined and forced-
ow con�gurations is also available in

Gollner et al. [15].

Mao, Fernandez-Pello, and Pagni completed an analysis for mixed, forced and

free convective combustion on a 
at fuel surface of arbitrary inclination in order

to describe gas 
ow [32]. Mao et al. introduce a mixed-convection parameter

(Ren
x + Gr m

x )1=2n in the governing equations describing the mixed, free, and forced

combustion of a fuel surface [32]. It is found that with this parameter they are able

to provide solutions that are uniformly valid over the entire range of mixed-
ow

intensities [32].

2.2.2 Wind-Driven Flames

Concurrent 
ows have an impact on 
ame spread similar to the inclined sce-

nario. Incoming winds compete with buoyant forces in the plume and either cause

the 
ow to attach to the surface or detach. The major di�erence between wind-

driven 
ows and the inclined case is that the 
ow in the wind-driven case is no

longer driven by the �re itself. As wind speeds are increased, 
ames are forced

closer to the fuel surface causing preheating of the unburned fuels and more rapid

rates of 
ame spread. In contrast to the inclined scenario, the 
ame-spread rate

increases nearly linearly with increasing 
ow velocity for smaller-scale 
ame spread

experiments, until blow o� extinction starts to occur [15, 33{36]. This is in con-

trast to the inclined scenario, where 
ame spread rates increase drastically after a

threshold inclination [14].
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The impact of wind on 
ame spread behavior downstream in a wildland �re

scenario has been previously studied by Tang et al., who measured downstream

heat 
uxes of a 
ame in a concurrent 
ow [7]. In this study, it was determined

that heat 
uxes varied signi�cantly downstream under di�erent wind velocities.

Low wind velocities showed similar characteristics to 
ames on low inclines where


ames detached and did not interact with the surface [7]. High wind cases showed

similarities to steeply inclined 
ames where the 
ame is attached to the downstream

surface [7]. In this study Tang et al. also related the peak heat 
ux to the location

at which the 
ame detaches from the surface, where the Richardson number,

Ri = g� (Tf � T1 )x=U2 (2.3)

approached unity. Here,� is the coe�cient of thermal expansion,x the downstream

distance from the burner andU the ambient wind speed. As the ratio of the Grashof

to Reynolds number squared, a unity Richardson number essentially represented a

balance between buoyant and forced-convective 
ows [7]. This transition appeared

as an in
ection point and was also found to have a linear relationship with the

attachment length of the 
ame, which will be considered in this study.

Other representations of the ratio between wind-driven inertial forces and


ame-generated buoyant forces have also been proposed for wildland �res. At the

�eld scale, Byram's Energy Criterion (or Byram's number) has been proposed to

relate the 
ow of kinetic energy in the atmosphere due to the wind �eld to the rate

of conversion of thermal energy to kinetic energy in the convection column [43]. This
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ratio is reduced to

Nc =
2Ig

� 1 cp;1 T1 U3
1

(2.4)

whereI is the �reline intensity (kW/m) and U1 represents an average wind speed.

Originally this criterion was used to describe �res which \blow up" or tend to be

more erratic. Rothermel later used this formulation to de�ne wind-driven scenarios,

whereNc < 1 [44]. This was also later applied to grass �res [45]. This formulation

will be considered later in this study.
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Chapter 3: Experimental Methodology

3.1 Overview

The phenomena of 
ame attachment is well known, but studies have fallen

short on explaining the physics that determine when the 
ame detaches from the

surface and attachment length for di�erent 
ame heat-release rates and shapes under

di�erent wind and slope conditions. A series of experiments were conducted in order

to investigate this phenomena. Two separate experimental set ups were utilized,

investigating 
ame behavior in a forced 
ow and inclined scenario. Each experiment

utilized a gas-fed propane sand burner which allowed for consistent and repeatable

�re conditions, decoupled from changes in burning rate.

The �rst experiment was a small-scale set up that focused solely on the inclined

scenario. This experimental set up was used to collect qualitative images of the


ame as well as to record temperature measurements downstream of the 
ame in

order to identify and visualize 
ame attachment. From this experimental set up

a basic understanding of downstream 
ame and plume behavior as well as heating

was obtained. This understanding led to the development of a more sophisticated

experimental set up that allowed for more in depth analysis of 
ame behavior.

The second experimental set up was a large-scale inclinable burner that was built
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with the intention to systematically investigate more variables in
uencing the 
ame.

This experimental set up allowed for variation of inclination, burner aspect ratio,

concurrent wind speed, heat release rate, and side-air entrainment. Entrainement

was varied through the use of ceramic �berboard sidewalls attached to either side

of the tilt table. In this chapter, each of these experimental set ups and the process

of data collection will be described in depth.

3.2 Small-Scale Inclined Table

The �rst inclinable burner was constructed with the intention to study how

an inclined surface impacted 
ame and plume behavior downstream of a burning

region. In the design of this experimental set up, a propane gas-fed sand burner was

chosen to represent the 
ame. Sand burners are a common choice in 
ame spread

research because of their consistent and repeatable 
ame and low experimental cost.

Propane was the fuel of choice for these experiments because it is a�ordable, readily

available for many experiments, adaptive for future large scale experiments, and

similar in temperature to 
ames seen outside the laboratory, as di�usion 
ames

all generally have a similar temperature range. Therefore the 
ame temperatures

generated by propane should be similar to those observed in wildland �res. The

burner in the small-scale tilt table had an outlet area of 9.2 cm� 50.2 cm, designed

with an aspect ratio to roughly represent a spreading line �re.

During troubleshooting it was observed that the sand burner had a fuel 
ow

gradient across the surface that caused an asymmetrical 
ame downstream. This was
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a concern because it would in
uence temperature measurements down the center

line of the 
ame. In order to prevent this, a porous sheet of sintered metal was

added to the sand burner to develop a plenum box which equalized the pressure in

the burner before it passed through the sand. Multiple sheets of varying porosity

were tested using a U-tube manometer. Once the sheet of metal was added to the

burner an even 
ow was observed.

Di�erent burner dimensions were considered; however, a second experimental

set up was constructed with the ability to adjust to di�erent burner sizes so the

feature was never implemented on the small-scale set up. The burner was mounted

in the center of a 122� 122 cm ceramic �berboard surface on an inclinable table.

As stated, the surface of this table was constructed from approximately 2 cm thick

pieces of ceramic �ber board so that the surface of the table will not in
uence the

behavior of the 
ame and will behave like a nearly adiabatic surface. The surface

has the ability to tilt up to 45 � above the horizontal, with angle resolution at 1� .

The completed burner and tilt table are shown in Figure 3.1.

In order to observe the heating of the downstream surface, two separate meth-

ods were used to collect qualitative and quantitative measurements of the 
ame and

plume behavior. The �rst was shadowgraph imaging of the heated gases downstream

of the burner surface. A retrore
ective shadowgraph set up as described in [37] was

used to visualize imaged spacial variation in gas density around the burner as ob-

served from the side. This density variation is caused by variation in temperature

which will show the location of the heated plume and the extent of downstream sur-

face being heated [11]. In order to collect shadowgraph images a retrore
ective sheet,
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Figure 3.1: Small scale 9.2 cm� 50.2 cm perforated propane fueled gas burner

mounted in the middle of a 122 cm� 122 cm ceramic �berboard surface.

a camera, an LED light source, and an 80/20 support with a milled camera mount

were needed. An approximately 3 m� 3 m retrore
ective screen was mounted 
at

vertically against a metal frame approximately 12 m away from a Vision Research

Phantom V10 high speed camera. An air cooled LED light source was mounted

next to the camera and pointed perpendicularly toward the lens shown in Figure

3.2. A clear lens �lter was mounted to the front of the camera with a rod mirror

angled at 45 degrees mounted in the center. The LED light source beam is focused

on the center of the mirror in order to allow for a coincident illumination of the

burner, a method developed in [37] to prevent a double shadow in the shadowgraph

image. The full shadowgraph set up is shown in Figure 3.3 and includes a camera,

a cooled LED, retro-re
ective screen, and the burn table. It is important to note
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Figure 3.2: Air cooled LED light source with focus used to create shadowgraph

images.

in Figure 3.3 the Vision Research Phantom V10 used to collect shadowgraph data

is not shown, a di�erent camera was mounted on the set up at this time. During

the data collection process it was apparent that the illuminated soot from the 
ame

was visible in the shadowgraph images and prevented some visualization of plume

behavior near the 
ame. In order to more clearly see this behavior an air inlet was

added to the burner to create a partially premixed 
ame in order to better visualize

plume behavior. A propane 
ow rate of 6.6 standard litres per minute and an air


ow rate of 57 standard liters per minute [10].

After collecting a series of shadow graph images and video further investiga-

tion into the entraining air downstream of the 
ame was desired. To investigate this


ow upstream of the burner tracers were created using four helium jets mounted

to the bottom of the inclinable table [10]. These helium jets were visible because
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Figure 3.3: View from perspective of camera collecting shadowgraph images, tilted

burner and retrore
ective screen

the di�erence in density between the ambient air and helium made them visible on

the shadowgraph images. While taking shadow graph images and video, ambient

lighting was turned o� and high-speed video was taken for 10 to 15 second incre-

ments. Ventilation located above the burn table was kept low in order to prevent

disturbances in the 
ame.

With the qualitative understanding given by the shadowgraph images, a quan-

titative measurement to further the understanding of the visual data was desired.

In order to obtain this understanding, gas temperatures were measured downstream

of the burner using a linear array of 21 K-type 25�m wire diameter thermocouples.

The thermocouples were mounted 5 mm above the table surface down the center line

of the burner in order to measure heating that fuels would experience in a wildland

�re setting. It is known that in wildland �re much of the spread rate is dominated by
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�ne fuels [18]; these �ne fuels are generally found above the surface at intermediate

heights. When scaled down to the size of this tilt table, it was determined that 5

mm was a reasonable height. Thermocouples were mounted along the center-line

of the downstream surface, as this region would be most characteristic of the 
ame

due to symmetry without in
uence of edge e�ects.

Temperature data from the thermocouples was recorded by a National Instru-

ments DAQ system at 500 Hz on each channel [11]. Temperature data was recorded

for 90 s at a time to ensure a reliable average of 
ame location while also recording

instantaneous 
uctuations in 
ame location. For each test, the table was inclined

from the horizontal and the 
ame was allowed to normalize for a full minute before

the DAQ system began logging temperature measurements. After the system had

stopped recording the table was returned to a horizontal position and allowed to cool

for a full minute before beginning the next test. This was done to ensure that any

residual heat on the table or hysteresis e�ects did not in
uence the measurements.

While taking temperature measurements for extended periods of time, ambient


uctuations in the laboratory were found to in
uence 
ame behavior, occasionally

causing one side of the 
ame to attach or detach, due to presumably complex 
ows

surrounding the table. E�orts were taken to minimize these ambient 
ows, includ-

ing using smoke matches which served as 
ow tracers to visualize ambient 
ows

before experiments. The variable speed ventilation fan used to exhaust combustion

products was also kept on the lowest setting during testing to prevent unneces-

sary disturbances. These steps were standard procedure for both shadowgraph and

temperature data.
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3.3 Large-Scale Inclined Table

As in the small-scale experimental set up, a propane fed sand burner is mounted


ush between two nearly adiabatic inclinable surfaces and is instrumented with a

linear array of thermocouples down the center line. To expand the capabilities of the

�rst experimental set up the scale of the experiment is increased and the experiment

is designed to observe how di�erent characteristics of the burning region and the

ambient environment alter 
ame behavior.

The size of the sand burner was increased to a total outlet area of 61 cm�

183 cm, which is partitioned into four equal 15.25 cm� 183 cm sections. These

sections give the capability of four di�erent burner sizes with di�erent aspect ratios.

This allows the variation of not only aspect ratio of the burning region, but also

the heat-release rate per unit area for uniform 
ow rates. The burner is partitioned

perpendicular to the stream-wise direction giving burning regions that emulate line

�res, these partitions are shown in Figures 3.5 and 3.6. To 
ow fuel from each burner

individually each section was �tted with a separately fed fuel supply. An OMEGA

FMA-2612A mass 
ow controller was used to create 
ow rates of propane from 0

to 200 standard litres per minute (slpm). Due to the size of the �res and high 
ow

rates of propane, an approximately 90 liter propane cylinder was used. Originally,

high 
ow rates of propane cooled the propane tank to a point that tank pressure

became too low to maintain desired 
ow rates. The Wrap-It-Heat Model TRX-16

electric heater was later implemented to prevent tank pressure drop due to cooling.
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