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Abstract

Oak trees are of great ecological and economic importance in the southeastern United

States. These trees are being replaced through the mesophication process, presenting a major

risk to regional ecosystems. This study applies an established method to measure the burning

characteristics of longleaf pine (Pinus palustris), southern red oak (Quercus falcata) and

sweetgum (Liquidambar styraciflua L.). The combustion fraction, the mass loss rate, the

temperature at multiple heights and the propagation rate were measured for each individual

species and mixtures with 30% oak mass and variable pine and sweetgum mass. Pine was

found to be the most consistently flammable species with the highest median measurements

for all measured burning characteristics. Conversely, sweetgum had the lowest median values

for all burning characteristics. The results for oak were bimodal. The low flammability mode

had results similar to those of sweetgum, whereas the high flammability mode had lower tem-

peratures than that of pine but higher mass loss and propagation rates. Burning characteristics

generally decreased as the sweetgum content increased; however, using principal component

and cluster analysis, five clusters were identified. In the first cluster, the test had higher mass

loss and propagation rates than any of its constituent species. In the second cluster, the propa-

gation rate and flame height decreased, but the temperature along the fuel bed was greater than

that of its constituent species. In the third cluster, the temperature decreased to expected values.

The fourth cluster contained tests with combustion fractions lower than that found for any of

the individual species. However, in the fifth cluster the combustion fraction approached the val-

ues found for sweetgum. It was concluded that there exist distinct pine-oak and oak-sweetgum

interactions, which lead to competing changes in the overall fuel-bed burning characteristics.

These results contribute to the current discussion on how the progression of mesophication im-

pacts the forest floor flammability; and can be used to improve prescribed burning to suppress

mesophication.
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Chapter 1

Introduction

The forests of the Central and Eastern United States have historically consisted of pyrophytic

oak and longleaf pine trees [1]. Pyrophytic species are resistant to fire and often depend on pe-

riodic fires to aid proliferation and remove competing species. However, the presence of these

pyrophytic species has declined in favor of mesophytic species such as maple and sweetgum

through the mesophication process [2–5]. These mesophytic species are characterized by an

increased tolerance to shade and fire sensitivity and often produce closed canopies, compared

to the open canopies found in oak-pine forests. Without the presence of periodic fires, forests

begin to go through mesophication, the positive feedback loop in which mesophytes suppress

forest fires and outcompete local pyrophytic species. Oak trees provide a stable food source

for several species of mammals and birds through acorns [6, 7]. Low-to-moderate intensity

forest fires promoted by oak serve to kill tree seedlings and saplings, maintain an open canopy,

and increase light access to understory species. Low intensity fires have also been shown to

often increase soil nutrients through ash [8]. These contributions lead to a greater diversity of

understory species, which in turn supports a wide range of herbivorous insects [1, 9, 10]. In

contrast, mesophytes reduce biodiversity by creating low-light conditions and redirecting rain-

fall and nutrients to a smaller region around them [11, 12]. Therefore, mesophication raises

concerns about the loss of ecological functions provided by oak and the ensuing consequences

for the regional ecosystem. Furthermore, oak serves as a high-value source of timber, leading

to mesophication that threatens both the regional ecosystem and the economy [13].

Small-scale laboratory and intermediate-scale field tests have been conducted to explore

the mechanics of mesophication. Small-scale laboratory tests serve to reveal the upper limits
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of combustion characteristics for multiple fuel compositions within a controlled environment.

However, these tests typically rely on external sources of heat applied to the entire fuel bed

for ignition, thus reducing the impact of fuel heating and excluding flame propagation mea-

surements. In contrast, intermediate-scale field tests closely emulate naturally occurring forest

fires and provide direct insight on how mesophication alters flame development and propaga-

tion. Although field tests offer the most accurate representation of naturally occurring forest

fires, they are limited by reduced control over the test environment. To bridge the gap between

these methods, intermediate-scale laboratory tests can serve to explore flame development and

propagation while operating within a controlled setting.

For this reason, the present study employed the Wildland Fire Integrated Research Ex-

periment (WildFIRE) facility; an intermediate facility capable of direct fuel bed mass and

temperature measurements, as well as optical measurements of flame front propagation and

geometry. Originally developed by Stubbs et al. [14] at the Auburn University Combustion

Physics Laboratory (AUCPLab) and has been shown to produce accurate results within similar

experiments.

This study explored the burning characteristics of three species involved in mesophication,

specifically longleaf pine (Pinus palustris), southern red oak (Quercus falcata) and sweet-

gum (Liquidambar styraciflua L.). The tests were carried out in single species fuel beds and

mixed species fuel beds, where oak litter was kept constant, while pine litter was incrementally

replaced with sweetgum litter. These mixtures were chosen because pine litter has been shown

to vary more than oak litter as the species composition of the forest midstory changes [15]. The

progression of mesophication threatens both the ecological and economic benefits of oak, and

as such understanding the mechanism of mesophication is critically important.
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Chapter 2

Previous Work

Much work has been done to study the behavior of wildland fires over the course of several

decades; however, only recently has there been a focus on the relationship between mesophi-

cation and the behavior of wildland fires. This chapter will review a selection of studies that

focus on this relationship, as well as studies that are foundational to this topic. Previous studies

have focused on a variety of topics and diagnostic methods. Several tests have been conducted

that focus on the underlying chemical kinetics of forests using differential scanning calorime-

try (DSC), thermogravimetric analysis (TGA), and mass spectrometry. Other tests explored

the resulting burning characteristics of different fuel bed compositions over a wide range of

test scales. The diagnostic methods used for these studies often included heat flux sensors,

load cells, thermocouples, and various optical measurements. Small-scale tests, typically of

the magnitude of centimeters and occurring within a laboratory setting, included recordings of

the mass loss rate, temperature, burn time, and flame height. Intermediate-scale tests recorded

flame propagation in addition to the burning characteristics recorded in small-scale tests. These

tests were carried out on a meters scale and occurred in both laboratory and field settings.

Large-scale tests measured similar burning characteristics, were exclusive to field settings, and

on the magnitude of tens of meters to kilometers. In this section, an overview of several of

these studies will be presented.

2.1 Chemical Kinetic Studies

Multiple studies have focused on the chemical kinetic properties that govern the combustion of

forest fuels. These tests used TGA and DSC to isolate lignocellulosic components within fuel
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samples and to determine how they affect the overall chemical kinetic properties. The three pri-

mary lignocellulosic components present in biomasses are hemicellulose, cellulose, and lignin,

which exhibit different combustion characteristics and are crucial to develop accurate combus-

tion models. In TGA, the mass of the sample is measured as a function of temperature and time

to determine the activation energy and reaction rate as a function of temperature. For DSC,

the heat required to increase the temperature is recorded so that the heat release profile can be

determined for the sample.

Diez et al. used TGA to develop a method to determine the content of the lignocellulosic

components of a biomass [16]. This study used five fuel samples - wheat straw, spruce bark,

pine bark, poplar wood, and willow wood - which were ground into particles no larger than

100 µm. TGA was carried out using 10 mg samples in a nitrogen atmosphere and heated by 5

◦C per minute to a maximum temperature of 1000 ◦C. The results were then used to develop a

pseudocomponent kinetic model that can be used to estimate the contents of the lignocellulosic

components of other biomasses. Elder et al. studied the chemical kinetic properties of the North

American Longleaf Pine ecosystem using TGA in nitrogen and air to find the degradation rates

of different understory grasses [17].

Yang et al. investigated the characteristics of the three lignocellulosic components using

TGA and DSC in a pure nitrogen environment [18] . In this study, cellulose and lignin samples

were used, while xylan was used as a substitute for hemicellulose due to limited availability.

Yang et al. found that hemicellulose readily decomposed at lower temperatures with moderate

solid residue remaining. Cellulose decomposed at a higher temperature than hemicellulose but

did so rapidly once it occurred and left very little solid residue. Lignin decomposed the slowest

of the three components, with significantly more solid residue remaining. All three components

were initially endothermic, although less so for cellulose, which was attributed to the removal

of moisture. With the onset of pyrolysis, lignin and hemicellulose quickly became exothermic,

while cellulose decomposition became significantly endothermic and occurred later than that of

the other components. During char combustion, lignin and hemicellulose became increasingly

endothermic, while cellulose became increasingly exothermic.
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Pasangulapati et al. used TGA to study how the content of lignocellulosic components af-

fected the thermal decomposition of four biomass materials; switchgrass, wheat straw, eastern

redcedar and dry distilled grains with solubles [19]. Switchgrass and wheat straw had cellu-

lose as the most prevalent component, with similar mass fractions for hemicellulose and lignin.

Eastern redceder had a cellulose content similar to that of switchgrass and wheat straw, but sig-

nificantly less hemicellulose. The dry distilled grains were mainly composed of proteins that

were not associated with any of the three lignocellulosic components. Three stages of mass

loss were found. The first corresponded to moisture evaporation, the second corresponded to

the primary decomposition of cellulose and hemicellulose, and the remaining mass loss oc-

curs in the final stage. In switchgrass and wheat straw, a significant portion of the lignin mass

remained; however, the overall remaining mass of eastern redceder was close to that of switch-

grass and wheat straw despite its increased lignin content. Pasangulapati et al. suggested that

char and ash produced by cellulose and hemicellulose may act as catalysts for the combustion

of lignin.

TGA and DSC have also been used to investigate how fuel chemical kinetic properties

change under various conditions. Amini et al. conducted two studies that focused on the

differences between live and air-dried dead samples for various species found in the southern

United States [20, 21]. Amini et al. found that the initial activation energy was lower for live

samples because of the moisture content; however, dead samples typically had higher activation

energies for pyrolysis. Despite changes in the activation energies, the overall pyrolysis profile

was found to be mostly unchanged. Rovira et al. used TGA and DSC to study changes in

the chemical kinetic properties of the fuel due to decomposition [22]. The results showed

that pyrolysis occurred at lower temperatures and released more energy per fuel mass as the

decomposition progressed. The impacts of wet torrefaction on fuel properties were studied by

Bach et al., using TGA and kinetic modeling to describe the devolatilization of each of the

lignocellulosic components [23]. Each study found a two-peak pattern in the mass loss rate for

each species and condition tested; where the peaks were associated with the decomposition of

different lignocellulosic components.
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Cone calorimetry has also been used to find the heat of combustion by burning samples

in an oxygen environment and measuring the heat released by combustion. Studies by Polka

and While et al. employed cone calorimetry to study the heat release of several species found

in the United States [24, 25]. Dickinson et al. used cone calorimetry to measure the heat of

combustion and peak heat release for multiple species groups and from multiple topographic

regions within the southeastern United States [26]. During cone calorimetry measurements,

samples are supplied with a constant radiant heat flux to cause ignition. Combustion products

are evacuated through a fume hood and sampled by a gas analyzer to measure oxygen consump-

tion. Heat release is calculated from measurements of oxygen consumption and mass loss. The

results indicated that fuel beds dominated by oak litter are more capable of sustaining fires than

fuel beds dominated by maple litter. However, Dickinson et al. also states that, regardless of

composition, fuel beds within moderately moist mesic environments are less likely to sustain a

fire and generally produce lower intensity flames than fuel beds within dry xeric environments.

2.2 Small-Scale Laboratory Studies

While wildland fires are driven by chemical kinetics, burning characteristics cannot be derived

from these alone. In addition to chemical kinetics, the physical conditions of wildland fuels are

required for the generation of accurate wildland fire and mesophication models. Studies that

have focused on these macroscopic fuel properties have directly measured the flame tempera-

ture, height, and mass loss rate of stationary flames in a laboratory setting with variations in

fuel mass, bulk density, and fuel composition.

Small-scale laboratory studies have predominantly followed the method developed by

Fonda et al. [27]. This study investigated the burning characteristics of western conifer needles

with additional species tested in Fonda [28]. The tested species were divided between species

of “fire resistors”, which can survive the direct effects of wildfires, and “fire evaders”, which are

killed by wildfires, but return through seed germination. Fonda et al. measured flame height,

flame time, ember time, burn time, percentage of fuel consumed, and mean weight loss rate for

each of the eight species. The tests were burned in a test chamber of 1 m x 1 m x 3 m, with a

chimney to direct the exhaust and induce an air velocity of 9.9 cm/s over the test bed. 18 g of
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pine needle samples were placed on a 35 cm x 35 cm grid of xylene-soaked strings and ignited.

Timers were used to measure the time from ignition to flames extinguishing as the flame time

and the time from ignition to embers extinguishing as the burn time. The difference between the

flame time and the burn time was recorded as the ember time. The flame height was measured

by two observers comparing the flame height to a 2 m ruler within the test chamber. The results

showed that fire resisters had a higher flame height, percent fuel consumed, and mean weight

loss rate, while fire evaders had higher flame and burn times. Although the study conducted by

Fonda predates the formation of the mesophication hypothesis, the traits of both fire resistors

and evaders can be attributed to pyrophytes.

The study by Kane et al. (2008) used the method developed by Fonda et al. to study the

burning characteristics of eight oak species found in the southeastern United States [29]. Kane

et al. found that each species could be classified as a “fire facilitator” or “fire impeder”. Fire-

facilitating species were characterized by higher flame, mass loss rates, and fuel consumption

with shorted flame and smolder times, with impeding species having mirrored results.

Kreye et al. (2008) applied the method of Fonda et al. directly to the study of mesophica-

tion [30]. Kreye et al. collected litter from a site in north-central Mississippi and separated the

samples into sets consisting of 0%, 33%, 66%, and 100% mesophytes by weight and assigned

as wet, moderate, or dry tests. The wet and moderate fuel beds were soaked in water for 24

hours and allowed to dry for 12 and 24 hours, respectively. It was found that mesophytic tree

litter can absorb and retain more moisture; however, only substantial increases in mesophytic

litter were required to cause significant impacts on flammability.

Varner et al. conducted tests on tree litter found in the southeastern United States, as

well as consolidated data from previously published studies using the method developed by

Fonda et al. [31]. In total, Varner et al. included results for 50 species from four forest

ecosystems. Using principal components analysis (PCA), Varner et al. identified multiple

clusters in each ecosystem that grouped species with similar burning characteristics. In all

four ecosystems, the species associated with mesophication resulted in reduced flammability,

while the pyrophytic species showed increased flammability. Studies by Kane et al. (2021) and

Kreye et al. investigated the flammability of additional species using the method developed
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by Fonda et al. and incorporating measurements of the physical characteristics of leaf litter

and moisture retention [32, 33]. For each species, the litter mass, length, thickness, surface

area, volume, and curl were measured. Litter dry mass was measured using a digital scale, the

thickness of the leaf was measured using electronic calipers and the curl was measured as the

maximum height of a horizontally oriented dry leaf on a flat surface. The length and surface

area were found using image processing software. Fuel volume, density, and surface area-

to-volume ratio were calculated as measurements. Other variables considered included fuel

bed bulk density, packing ratio, saturated moisture mass, and “lag time”, which was indicative

of the time required for a saturated sample to reach equilibrium moisture levels. The results

of both studies found rapid drying, reduced moisture retention, and increased flammability

in oak species, while mesophytic species displayed increased moisture retention and reduced

flammability.

Grootemaat et al. (2015) studied how leaf litter traits impact flammability and decompos-

ability [34]. Grootemaat et al. conducted tests on 32 plant species to measure and compare their

trait–flammability relationships to trait–decomposability relationships. The traits measured in

this study included leaf length, width, thickness, and mass. The surface area was estimated and

used to calculate the volume and specific leaf area (SLA). Nitrogen, phosphorus, lignins, and

soluble polyphenols were the chemical traits measured. The decomposability measurements in-

cluded litter weight after 11 and 22 months of decomposition. The flammability measurements

included the time to ignition, flaming duration, and smoldering duration. The time to ignition

was found to depend primarily on the SLA, while flaming duration and smoldering duration

depended mostly on litter mass. The decomposition traits were found to be independent of the

flammability.

2.3 Intermediate-Scale Laboratory Studies

Small-scale laboratory tests provide valuable data on the burning characteristics of wildland fu-

els, but exclude information on the sustainability and propagation of the flame front. Intermediate-

scale laboratory studies use test beds on the scale of meters and ignite fuel samples along one

end so that flame sustainability and propagation results can be measured. These studies have
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focused on a range of conditions that affect flame propagation, such as fuel loading, slope, wind

conditions, and moisture content, using a variety of fuel species.

Stubbs et al. investigated the burning characteristics of loblolly pine needles (Pinus

taeda) at different fuel loadings and developed the WildFIRE facility used in the present study

[14]. Stubbs et al. measured the mass loss rate, the flame temperature, the propagation rate,

the flame geometry, and OH∗ chemiluminescent flame intensity. The tests were burned on a

fuel bed suspended by two load cells to measure the mass loss rate. The flame temperature

was measured with a fine-wire thermocouple probe. The propagation rate, flame geometry, and

OH∗ chemiluminescent flame intensity were captured with a scientific camera with a band-

pass filter corresponding to the CH∗ radical chemiluminescence wavelength and filtered out

the light produced by soot and solid fuel species to isolate heat release. The mass loss rate

was found to increase linearly with fuel loading. Flame propagation slightly increased with

mass loading, while flame height and surface area increased significantly. Flame intensity and

temperature did not change significantly.

Santoni et al. incorporated oxygen consumption calorimetry to determine fireline intensity

and compared their findings with previously accepted methods [35]. The tests were carried out

on a 2 x 2 m table supported by a load cell to record the mass measurements; however, the

fuel beds ranged from 0.9 x 1.1 m to 1 x 2 m. Santoni et al. found that oxygen consumption

calorimetry produced a more accurate estimation of fireline intensity than previous methods

and was applicable to a wider range of conditions. Barboni et al. expanded on the study

by Santoni et al., using the same facility and a similar method [36]. In this study, flame length

measurements were included, which were found to further improve fireline intensity estimation.

Morandini et al. studied the effects of the wind and the slope of the fuel bed on flame

propagation [37]. Morandini et al. incorporated mass balances, thermocouples, heat flux sen-

sors, and infrared imaging to record measurements during each test. The results indicated that

flame propagation increased with wind speed and fuel bed slope and that radiative heating has a

greater impact on propagation than convective heating. Tihay et al. also studied the impacts of

slope and fuel load on forest litter combustion, using the same facility and method as Santoni
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et al. and Barboni et al. [38]. In contrast to Morandini et al., Tihay et al. found that convec-

tion accounts for a majority of fuel heating, although to a lesser extent as the fuel bed slope

increases.

Awad et al. conducted laboratory tests with different fuel loadings and moisture [39]. The

tests were carried out on a 1 x 2 m burn table beneath a fume hood. Fuel loadings consisted of

kg/m2, 0.20 kg/m2, and 0.40 kg/m2 with the moisture content varying from 0 to 114% of the

fuel mass. The results showed that fire extinction is primarily affected by fuel moisture content

and fuel load; however, this threshold tends to become independent of the load as fuel loads

increase. These studies provided additional data on the impact of moisture content on wildland

fuel burning characteristics.

Magalhaes et al. investigated the combustion characteristics of mixed litter fuel beds [40].

The tests were carried out in a 15 x 150 cm channel with flame height, temperature, propaga-

tion rate, time to ignition, mass consumption, and temperature integration. Eight species were

tested, both single fuel tests and fuel beds consisting of three species, each comprising a third

of the fuel mass. Magalhaes et al. found that mixed fuel beds often showed results that dif-

fered from the results of their constituents, indicating additional interactions between each fuel

species.

Grootemaat et al. (2017) measured several physical and chemical leaf litter traits to several

flammability traits [41]. Physical traits measured included leaf size, curliness, thickness, and

tissue density. From these measurements, the packing ratio, bulk density, and specific surface

area (SLA) were calculated. The chemical traits measured included concentrations of nitrogen,

phosphorus, lignin, and tannin. The measured flammability traits included maximum tempera-

ture, spread rate, burning time, and fuel consumption. The packing ratio was found to increase

the rate of spread and decrease the burning times of the samples. SLA was found to decrease

the maximum temperature and increase the rate of spread. Tannin concentration was shown to

decrease the rate of spread of fuel consumption, and lignin concentration was shown to increase

fuel consumption.
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2.4 Field Tests

Laboratory tests benefit from controlled conditions and repeatable methods, allowing the mea-

surement of specific characteristics of flammability. Although these results are crucial, lab-

oratory settings cannot ideally recreate the conditions under which wildland fires occur. To

address this need, field tests have been conducted to investigate the flammability characteristics

of forest fuels in environments similar to those of naturally occurring fires.

Davies et al. investigated the role that moisture content plays in the development of self-

sustained fires in the lower canopy of UK heathlands [42]. Experiments were carried out at

two locations in the UK, where 2 m by 2 m sections of the canopy were burned. Fuel beds

were ignited in a single spot with a drip torch filled with a 3:1 diesel / petrol mixture, unless

this failed three times, in which case a line ignition was used. Burn time was recorded with a

stopwatch and fires that took more than 5 minutes were considered sub-sustaining. Davies et

al. found that tests with moisture content greater than 70% failed to ignite, but tests below 60%

moisture content ignited consistently. The spread rate after ignition decreased as the moisture

content increased.

Arthur et al. studied the impact of repeated prescribed burns on forest composition and

tree vigor [43]. Tests were carried out on 10-m x 40-m plots that were randomly assigned one

of the three treatments. The plots assigned as ”frequent burn”, had four prescribed fires over

an eight-year period, those assigned to ”less frequent burn” had two prescribed fires over the

same time span, and ”fire-exlcuded” areas were not burned. The species present in each plot

were classified as xerophytic, mesophytic, or ubiquitous according to established knowledge

on whether the species was more prevalent in dry, moist, or either condition, respectively.

Each plot was then classified as occurring in a sub-xeric, sub-mesic, or intermediate landscape

based on the prevalence of the species within the plot. During burns, fire temperature was

recorded using temperature-sensitive paints placed 0 cm, 20 cm, and 40 cm above the forest

floor. After the tests, the highest point of char on each tree was recorded. Each year, several

traits were measured for each tree, including the diameter at breast height, crown dieback class,

and number of basil sprouts. Crown dieback class were on the percent of crown death and was
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used to represent loss in tree vigor. Char height was found to correlate with increased crown

dieback, more so in maples than in oaks. The results also showed that maples were more

prevalent than oaks at the sapling and midstory levels; however, frequent fire had a greater

impact on tree mortality at these levels. The presence of maples decreased significantly after

prescribed fires, but remained the most prevalent species along the sapling level in intermediate

and sub-mesic landscapes. In general, the results indicated that repeated prescribed fires may

be effective for preventing mesophication, but they are not effective for reversing it.

McDaniel et al. investigated how changes in the composition of forest species impacted

the structure, moisture, and flammability of leaf litter [44]. Two oak species, southern red oak

(Quercus falcata) and post oak (Quercus stellata) and three non-oak species, sweetgum

(Liquidambar styraciflua), winged elm (Ulmus alata) and hickory (Carya spp) were se-

lected as test species. For each species, the mean curl, leaf perimeter, surface area, dry mass,

and thickness were measured. The 15 g litter beds of single species and mixed species were

soaked in water and then dried until the mass remained constant. The mixed litter beds used

consisted of 0% to 100% non-oak litter, increasing in increments of 33%. Burn tests were car-

ried out on a 1.75 m x 1.75 m plot using 937 g samples of single species and mixed species. The

tests were ignited along a single edge and the percent burned area, temperature, flame height,

flame spread rate, and flaming duration were recorded. The flame temperature was measured

using temperature-sensitive paint attached to pin flags on top of the fuel bed, and the remaining

characteristics were visually measured. Oak litter was found to have thicker and larger leaves,

absorbed moisture slower and dried faster than non-oak litter. Mixed fuel beds were found to

retain more moisture with increased non-oak litter content, which reflected the increased mois-

ture retention found for those species. Non-oak litter was shown to increase the duration of

flaming and decrease the remaining measurements in mixed fuel beds.

Cabrera et al. studied how the removal of mesophytic in addition to prescribed burns

affected the behavior of the fire [15]. Tests were assigned to one of two treatments; thinned tests

in which all midstory non-pyrophytic species were removed and non-thinned tests. Each test

experienced one prescribed burn in one of three seasons: early dormant (January), late dormant

(April), and growing season (September). The initial condition of each plot was recorded,
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including canopy cover, litter bed composition, and total fuel load, including understory plants,

leaf litter and other organic matter. The plots were monitored for 14 months to access the

impacts of the thinning treatment before the experimental burns were carried out. The fire

temperature was measured using a 3 x 3 grid of pin flags with temperature-sensitive paint along

the forest floor. The height of the flame, the spread rate, the ignition time, the total duration of

the flame, and the perfect fuel consumed were visually recorded. The midstory thinning was to

significantly increase the pine litter content, while the pine litter content decreased in the control

tests between initial and pre-burn measurements as the mesophytic litter increased. Early and

late dormant season burns resulted in fairly similar results, while growing season burns were

typically subdued. The results showed that midstory thinning had relatively minimal impact on

canopy cover and overall fire behavior.

Several previous intermediate-scale laboratory studies have employed methods similar to

those used in the present study. These common traits include the use of burn plates in environ-

ments of controlled air flow using load cells, thermocouples, and optical diagnostics to record

burn behavior. In contrast, several small-scale laboratory and field studies have focused, simi-

larly to the present study, on the mechanics of mesophication. While several studies have used

similar methods and others that have focused on the topic of mesophication, there exists a need

for research that bridges the gap between these. This work contributes to the existing litera-

ture by contributing this need and can be used to inform and direct future studies to additional

knowledge gaps in this topic.

Willis et al. conducted field tests using tree litter that included fruits and cones [45]. The

quantity of litter to fruits and cones was varied between tests, with litter only tests being used

as a control. When present, fruits and cones consisted of 10%, 30%, or 50% of the surface

area of the fuel bed. Seven species were used during the testing, with single species tests and

mixed species tests. During testing, the height of the flame, the spread rate, the percent of area

consumption, the duration of the flame, and the smolder time were recorded. The composition

of each litter was measured, including the mass, moisture, lignin, nitrogen, and carbon content.

Lignin and carbon were shown to increase fuel consumption and flame height, while nitrogen

had the opposite effect, despite only varying by fractions of a percent.
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Chapter 3

Experimental Methods

3.1 Test Species

This study measured the burning characteristics of three individual tree species associated with

mesophication and mixtures of these species, with the objective of determining the impact that

mesophyte litter has on aggregate fuel beds. Each test was comprised of 0.4 kg of fuel, consist-

ing of longleaf pine (Pinus palustris), southern red oak (Quercus falcata) and sweetgum

(Liquidambar styraciflua) litter. The oak and sweetgum litter used was freshly senesced

and collected in the winter of 2022 and 2023 from local sources. The longleaf pine straw used

was purchased locally. These species were selected for this study because they are prevalent

within the ecosystem of the southeastern United States and are relevant to the mesophication

process.The experiment included trials with fuel beds of single and mixed species. In mixed

tests, the mass fraction of oak was kept constant at 0.3, while the mass fractions of pine and

sweetgum ranged from 0 to 0.7 in increments of 0.1. During mesophytic encroachment, the

presence of pine litter on the forest floor has been shown to decrease more significantly than

oak, as such the pine mass fraction was varied and the oak content remained constant [15]. In

addition to mixed fuel tests, high moisture tests were performed. In these tests, the fuel samples

were submerged in water for 24 hours to fully saturate, then suspended on a drying rack for 24

or 48 hours to air dry before testing. In previous small-scale laboratory studies, moisture tests

were dried for 12 to 24 hours; however, unlike the present study, these previous experiments did

not investigate the propagation rate. In the present study, preliminary tests were consistently

unable to sustain combustion when dried for 12 hours. At 24 and 48 hours, only the unmixed
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pine tests were able to propagate successfully, as such, only a limited number of moisture tests

were conducted to conserve the remaining fuel litter. The availability of litter from each species

was a determining factor in the number of trials for each fuel group. The number of trials for

each fuel group is shown in Table 3.1, and the average fuel specific volume (ν) is shown in

Table 3.2.

Table 3.1: Fuel bed compositions tested

Fuel Bed Composition Number of Tests
Pine 47

Wet Pine 8
Sweetgum 10

Oak 17
70% Pine, 30% Oak 15

60% Pine, 30% Oak, 10% Sweetgum 17
50% Pine, 30% Oak, 20% Sweetgum 5
40% Pine, 30% Oak, 30% Sweetgum 9
30% Pine, 30% Oak, 40% Sweetgum 15
20% Pine, 30% Oak, 50% Sweetgum 6
10% Pine, 30% Oak, 60% Sweetgum 15

30% Oak, 70% Sweetgum 5

Table 3.2: Fuel specific volume

Fuel Bulk Density (m3/kg)
Pine Needle 0.166
Oak Leaves 0.133

Sweetgum Leaves 0.122

3.2 Experimental Facility

This study was carried out at the Auburn University Combustion and Propulsion Laboratory

using the Wildland Fire Integrated Research Experiment (WildFIRE) facility, shown in Figure

3.1, originally developed by Stubbs et al. [14]. Tests were carried out within the WildFIRE

facility, which facilitated simultaneous measurements of fuel mass, combustion temperature,

and flame temperature, and it was visually accessible for optical diagnostics.
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Figure 3.1: Computer graphics rendering of the WildFIRE Facility. The load cells and the
weight plate are highlighted in red and blue, respectively [14].

3.3 Burn Tests

The procedure used in this study is derived from the method developed by Stubbs et al. [14].

For each trial, 0.4 kg fuel samples were placed on the test bed. Once the fuel samples were

placed on the test bed, they were leveled by hand so that the fuel was evenly distributed across

the table. In addition, mixed fuel samples were mixed by hand so that each species was evenly

distributed within the fuel bed. The samples were not compressed to a specific volume or

height and, therefore, the volume was allowed to vary. This was done to better reflect the

natural conditions as the litter fell to the forest floor. Before burning the sample, fuel height

was measured as well as ambient temperature and humidity in later trials. A string soaked

in denatured alcohol was placed along the width of one side of the fuel bed and lit using a

blow torch to achieve simultaneous ignition across one width of the fuel bed. Measurement

recordings were initiated directly before fuel ignition, and the burn index was initiated once

fuel combustion was self-sustaining. Test measurements were completed once the fuel mass

remained constant, while the burn index was concluded once active combustion ended. The
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burn index was used during data processing to isolate the time of visible combustion during

each test. After each test, any solid residue was removed and the test bed was allowed to cool

to avoid warping that would cause inaccurate mass measurements.

3.3.1 Fuel Mass Measurements

During testing, the fuel mass was recorded using two Omega LCCA-50 load cells that sup-

ported the floor plate. The load cells had a maximum load of 50 lb (22.68 kg), which exceeded

the weight of the floor plate, and had a sensitivity of ± 8.391 g, which was equivalent to 2.1%

of the initial fuel load of 0.4 kg. The temperature of the load cells was tracked using surface

mount thermocouples to verify that they did not exceed their maximum operating temperature

of 150 ◦F (65 ◦C).

Mass measurements were used to calculate the combustion fraction (Mnf ), the mass loss

rate (Ṁ ), and record the mass fraction over time for each test. To account for slight deviations

in the initial mass load, the normalized mass load was used for these calculations rather than

the true mass measurements. The normalized mass (Mn) was found as the fuel mass at a given

time divided by the initial mass reading and is shown in Equation 3.1.

Mn(t) =
M(t)

Mo

(3.1)

For each fuel group, the mean and 95% confidence interval of the normalized masses were

found at each time point. To account for variations in burn time, only measurements up to the

final time of the shortest test in a given fuel group were averaged. The combustion fraction was

found as the fraction of the mass removed from combustion and is shown in Equation 3.2.

Mnf =
1−Mf

Mo

(3.2)

The normalized mass loss rate was found using a linear fit of the normalized mass using

data between flame ignition and 25 seconds before flame extinction to isolate the region with

a nearly linear normalized mass time history and minimize the impacts of flame development

and extinction.
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3.3.2 Combustion and Flame Temperature Measurements

Nine Omega model number KMQSS-062E-12, 0.0625 inch (1.6 mm) diameter, exposed junc-

tion, 12 inch (30.5 cm) long K-type thermocouple probes in a 3 x 3 grid were used to measure

the temperature at several locations along the fuel bed. The bottom row of the thermocouples

was located 4.45 cm above the test bed, which resulted in the thermocouples being within the

fuel bed. The second row of thermocouples was 14.45 cm above the test bed. Thermocouples

along this row were typically 4 to 6 cm above the fuel bed, but occasionally within the top layer

of the fuel sample. The upper row of the thermocouple was 24.45 cm above the test bed; at

this height, the flames did not reach the thermocouple consistently. Figure 3.2 illustrates the

arrangement of the thermocouples [14].

Figure 3.2: Diagram showing the locations of each thermocouple within the WildFIRE facility
[14].

Temperature measurements were used to calculate the maximum temperature (T4.45, T14.45

T24.45) and time-averaged temperature along each row for each test. The thermocouple would

occasionally fail mid-test and produced impossibly high measurements. To account for this,

readings greater than 1200 ◦C were discarded. To find the maximum temperature in each row,
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a moving mean of 10 samples was taken for the measurements of each thermocouple, and

the maximum value was used to represent the maximum temperature reading for that thermo-

couple. For each row, the median value of the three thermocouples in that row was found to

be the maximum temperature along that row. The time-averaged temperatures and the 95%

confidence interval were found using the same method used for mass measurements.

3.3.3 Flame Front Propagation Measurements

The flame front was tracked using a Ximea xiD MD061MU-SY CCD scientific camera with a

10 nm band-pass filter. This isolated CH* radical chemiluminescence wavelength so that only

the light produced by the flame was measured. An example of Ximea measurements can be

seen in Figure 3.3. From the location of the flame front, the propagation rate (L̇) was calcu-

lated. The experimental design originally included the measurement of flame front intensity

and geometry; however, these were neglected due to technical limitations. This was due to the

wide range of flame intensities between each species exceeding the range that could be accu-

rately measured at a given exposure. The measurements from the Ximea camera each pixel was

found to have a value from 0 to 1 representing the CH* radical chemiluminescence emission

relative to the exposure range of the camera. Values above 0.05 were considered to be regions

of active combustion. This threshold was selected to minimize false positive reading caused by

reflections off of the support structure.

To account for the reduced flame detection of low intensity tests, the flame front was

considered for each point in time as the forward most point detected in each image, up to

the current time. This prevented brief drops in flame intensity that produced false reports of

significant flame front regression. To further reduce the effect of false positives, all points

found to be greater than three standard deviations from the median location of all points were

discarded. The forward most point was then recorded as the median of the ten most forward

points of the flame along each row, excluding outliers, and then smoothed with a rolling average

of ten points. The same method used to find the time-averaged mass and temperature was also

used to find the time-average flame front location and the 95% confidence interval. From the

results of the flame front location, the mean propagation rate ( ¯̇L) for individual tests was found
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Figure 3.3: Example of the measurements recorded using the Ximea scientific camera with the
10 nm band-pass filter [14].

using a linear fit to the flame front location as a function of time during the non-optical steady-

state regime of each test using least squares regression.

L̇est =
Lss

tss
(3.3)

Despite efforts to reduce error in the propagation rate calculated from CH*, low intensity

tests produced measurements below reasonable expectations. To correct for this and include

tests without CH* chemiluminescence measurements, the propagation rate was estimated from

the steady-state burn time, (tss), and propagation distance, (Lss), using Equation 3.3. The

steady-state burn time is the time that each trial was within its non-optical steady-state regime.

The steady-state propagation distance was the distance that each test traveled during its optical
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steady-state regime. However, since this was found using CH* chemiluminescence measure-

ments, the average propagation distance was used for tests without CH* chemiluminescence

measurements and for tests with propagation distances below 50 cm. The 50 cm cutoff was

used to correct tests with inaccurate propagation distances due to low intensities. This was

done to account for the slight differences between the optical steady-state and non-optical

steady-state regions. Pine was selected as the reference because it showed consistent results

and had an increased number of tests.

ErrorRel =
| ˙̄LCH∗ − ˙̄Lest|

˙̄LCH∗
(3.4)

3.3.4 Fuel Bed Temperature Measurements

In a select number of tests, the mean fuel bed temperature was measured instead of the flame

front location and propagation rate. The mean fuel bed temperature was measured using a

FLIR A500 infrared camera positioned above and behind the fuel bed, so that the flame front

propagated away from the camera to clearly observe the flame region and the smoldering fuel.

The FLIR camera automatically focused on the center of the fuel bed and maintained a constant

focus throughout the test. The images were sampled at 30 Hz and reported fuel temperatures

between 273 K and 923 K. Using FLIR Research Studio software, the time-averaged tempera-

ture of the fuel bed was found for each instance in time throughout the duration of the test. An

example of the measurements collected by the FLIR infrared camera can be seen in Figure 3.4.
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Figure 3.4: Example of the measurements recorded using the FLIR infrared camera.

3.4 Principal Components Analysis

To account for the intrinsic correlation between the flammability characteristics measured, prin-

cipal components analysis (PCA) was used to better compare the results of each fuel group. Be-

cause the flammability characteristics measured are not independent of each other, it is difficult

to determine how much variation in the data is directly caused by changes in the fuel compo-

sition versus changes in other variables. PCA can be used to reduce the number of variables

to a smaller group of interpretable linear combinations of the original variables. The inbuilt

MATLAB PCA function was used to complete the PCA calculations.

PCA generates a number of new variables, termed principal components, equal to the

number of original variables. However, each principal component also describes a known per-

centage of the variation in the data, and the principal components with the least significance can

be discarded to decrease the number of variables. Once the significant principal components

have been selected, their linear combinations with each directly measured variable can be used

to describe what each principal component physically represents.
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Using PCA, tests were separated into a number of clusters. Each cluster included tests with

similar principal components that were distinct from the principal component values of the tests

in the other clusters. The number of clusters was determined by the MATLAB evalclusters

function. Each test was assigned to a cluster using the MATLAB kmedoids function, which

finds a central point for each cluster in a n-dimensional scatter plot where n is the number of

principal components, in this case 6. The tests are then assigned to the cluster with the closest

central location to the test.

3.5 Results Presentation

The time plots and scatter plots presented in chapter 4 are color-coded to quickly distinguish

the fuel composition of each data set. Each fuel group was colored with an RGB value corre-

sponding to the mass fraction of each fuel species, where red, green, and blue corresponded to

the content of pine, sweetgum, and oak, respectively. For example, oak tests were displayed

with a RGB value of [0,0,1], while a mixture with 20% pine, 50% sweetgum and 30% oak

content was presented using a RGB value of [0.2,0.5,0.3]. To distinguish wet pine from dry

pine, wet pine tests were presented in black. The colors used for the single fuel groups are

shown in Table 3.3, and the colors used for the mixed fuel groups are shown in Table 3.4.

Some figures in chapter 4 used “clumped” fuel groups rather than the mixed fuel groups.

These clumped fuel groups are groups that include tests with similar fuel mixtures, rather than

delineating the each discrete fuel combination. This was done to condense the mixed fuel

group results to provide an additional, less cluttered perspective for certain figures. Three

clumped fuel groups were defined, with low (0% - 20%), moderate (30% - 40%) and high

(50% - 70%) sweetgum content . The RGB values used for these groups are the mean values

of their constituent fuel groups and are shown in Table 3.5.
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Table 3.3: Single Fuel Group Colors

Fuel species RBG Value & Color
Pine [1,0,0]
Oak [0,0,1]

Sweetgum [0,1,0]
Wet Pine [0,0,0]

Table 3.4: Mix Fuel Group Colors

Fuel Sweetgum Content RBG Value & Color
0% Sweetgum [0.7,0,0.3]

10% Sweetgum [0.6,0.1,0.3]
20% Sweetgum [0.5,0.2,0.3]
30% Sweetgum [0.4,0.3,0.3]
40% Sweetgum [0.3,0.4,0.3]
50% Sweetgum [0.2,0.5,0.3]
60% Sweetgum [0.1,0.6,0.3]
70% Sweetgum [0,0.7,0.3]

Table 3.5: Clumped Fuel Group Colors

Fuel species RBG Value & Color
Low Sweetgum Content [1,0,0]

Moderate Sweetgum Content [0.35,0.35,1]
High Sweetgum Content [0,1,0]
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Chapter 4

Results

Measurements of mass loss rate, combustion fraction, temperature, and propagation rate are

valuable data on the burning characteristics of mixed wildland litter as they relate to the explo-

ration of possible mechanisms of mesophication and the general interactions of mesophyte and

pyrophyte litter in wildland fires. This study explores these factors related to possible mecha-

nisms of mesophication, as well as several secondary factors on the characteristics of burning,

which will help guide future studies. This chapter presents the results of this study and some

discussion of the interactions between the aforementioned parameters.

Results of the experiments on the effects of fuel mixture on moisture retention and of

moisture content on the burning characteristics were inconclusive. Preliminary tests resulted in

no mixed fuel beds capable of sustaining combustion, providing little information on the effect

of moisture on the combustion of the mixed fuel bed. In contrast, most of the pine tests were

able to sustain a burn; the results of which are included below.

Initial experiments highlighted vulnerabilities in the testing environment. Although the

facility was climate controlled, certain environmental conditions were found to complicate the

ability to meet climate demands. The significant disparity between the humidity and temper-

ature of the outdoor and indoor environment of the facility made it difficult to maintain the

desired conditions in the testing area. During multiple tests, the rate at which the fume hood

displaced air exceeded the ability of climate control to correct temperature and humidity, caus-

ing indoor conditions to converge with outdoor conditions. For this reason, the ambient temper-

ature and humidity were recorded to track their effect on the burning characteristics. Although
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both ambient temperature and humidity were recorded, only measurements with notable obser-

vations or statistically significant relationships are presented in the results and discussion. The

climate control issue was not observed during the initial tests and, as such, ambient conditions

were not measured for the initial mixture tests. These tests were unable to be repeated due to

the limited availability of oak and sweetgum litter. Further tests will be needed to correct for

this data gap.

4.1 Mass Measurements

The results for the mass-time history are presented here, including the normalized mass loss

rate and the combustion fraction. In the present study, the normalized mass loss rate was found

to be the fraction of the initial fuel mass lost per second, and the combustion fraction was found

to be the ratio of the initial and final fuel load. The fuel bed was formed with various mixtures

of longleaf pine (P. palustris), southern red oak (Q. falcata) and sweetgum (L. styraciflua

) litters. For mixed fuel tests, oak leaves made up 30% of the fuel bed mass and the fraction

of the pine and sweetgum mass ranged from 0% to 70% in increments of 10%. Furthermore,

several tests with a single fuel species and pine tests with an increased moisture content were

performed. For the moisture tests, each test was soaked in water for 24 hours and allowed to

dry for 24 or 48 hours, resulting in different moisture levels in the tests. It should be noted that

the moisture results presented here provide a general comparison with the dry test results and

do not consider the variation in moisture content, only the presence of moisture content. An

alcohol soaked string was used to ignite the fuel at one end of the test bed for simultaneous

ignition along the width of the test bed. Measurement recording started immediately before

ignition and the ignition time was recorded immediately after. The time of flame extinction

was recorded and the measurements were concluded once the fuel mass was constant. The

ignition and extinction times were used to determine the steady-state range of each test so that

the effects of flame ignition and extinction could be minimized when determining the mass loss

rate.
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Figure 4.1 shows the average mass fraction of each fuel group plotted against time. The

mass fraction was found to be the ratio between the fuel mass at a given time and the initial

fuel load. The mass fractions at a given time and within the same fuel group were averaged to

produce the results shown in Figure 4.1. Because the burn time durations were not the same

for all tests, the average mass fraction of each fuel group was only found for the shortest test

duration in that group.

Figure 4.1: Average mass fraction of each fuel group.

The average mass fraction was recorded to explore how the mass loss changed during the

test duration for each fuel group. As the tests progressed, the mass fraction decreased with

varying rates between each fuel group. The slope of the average mass fraction reflects the mass

loss rate of the fuel samples, with steeper slopes corresponding to higher mass loss rates. As

a mesophyte, sweetgum is expected to burn slower than pyrophytes such as pine and oak. The

slopes of the average mass fraction of the single fuel groups agree with the expectation, as

dry pine showed the steepest average mass fraction slope, followed by oak and sweetgum in

that order. This establishes the range of mass loss rates that mixed fuel groups are expected to

produce. Notably, the results of the oak are significantly truncated as a result of large variations
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in test duration. This suggests that additional factors have a greater impact on the slope of the

average mass fraction and therefore on the mass loss rate of oak. The slope of the wet pine was

between that of the oak and the sweetgum, reflecting that the moisture content decreased the

mass loss rate of the fuel. The mixed fuel groups with high sweetgum content had an average

mass fraction slope slightly steeper than that of the unmixed sweetgum. This is in agreement

with initial expectations, as the introduction of pine and oak litter increases the mass loss rate of

the fuel sample. As the sweetgum content decreases and the pine content increases, the average

mass fraction slope becomes steeper; which again, aligns with initial expectations. However,

mixtures with a sweetgum content of 20% or less resulted in steeper slopes of the average mass

fraction than those of dry pine. This suggests the presence of an interaction between pine and

oak that increases the mass loss rate.

All fuel groups initially had non-linear average mass fraction slopes; however, the dura-

tion of the non-linear profile and the magnitude of the change in slope differed for each fuel

group. As the tests progressed, the average mass fractions transitioned into linear or near-linear

profiles. The way in which the average slopes of the mass fraction initially changed over time

reflects the distribution of the mass loss within and directly behind the flame front. Fuel groups

that quickly transitioned to linear slopes likely had the majority of their mass loss occurring

within a thin region of their flame front. This happens because the flame front is required to

propagate a shorter distance before the flame front is fully established. This was especially

present in dry pine tests that were found to have quasi-steady mass loss, which is consistent

with the findings of previous work by Stubbs et al. [14]. Longer durations of a non-linear slope

likely corresponded to a broader flame front, as a broader flame front would require more time

to propagate before it was fully developed. Both the oak and especially sweetgum displayed

large regions of initially non-linear mass loss, suggesting that both fuel groups had broader

flame fronts. Wet pine also displayed a large region of initially non-linear mass loss, indicating

that moisture content broadens the flame front. The region of mass loss near the flame front

may have been widened due to an extended region of drying ahead of the flame front. In mixed

fuel groups, groups with 0% to 30% sweetgum had short non-linear regions. This suggests that

when the content of pine is greater than that of sweetgum, the region of mass loss near the flame
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front remains thin. Once the sweetgum constituted 40% or more, the duration of the initial non-

linear region increased, with 70% sweetgum tests having similar results to the sweetgum fuel

group. This indicates that once the sweetgum content surpasses the pine content, the flame

front begins to broaden.

The average mass fraction profile after the initial non-linear region reflected the mass

loss due to smoldering combustion behind the flame front, with non-linearity corresponding to

smoldering. This relationship is due to the region of mass loss increasing after the flame front

has fully developed. Both dry and wet pine tests displayed linear mass loss after their initial

non-linear region, suggesting that minimal mass was lost due to smoldering. Sweetgum tests

became increasingly non-linear as they progressed, suggesting that there was significant mass

loss due to smoldering. The results for oak are unclear because they were truncated earlier than

those for the other fuel groups. Mixtures with more pine than sweetgum mirror the results of

pine. Once the quantity sweetgum surpasses pine, the results begin to more closely resemble

those of sweetgum.

Figure 4.2 presents the average mass fraction for the single fuel groups, with the addition

of the 95% confidence interval denoted by the shaded region. This figure was included to pro-

vide a more streamlined perspective of the results of the single fuel groups presented in Figure

4.1. For all single fuel groups, the 95% confidence interval increased as the tests progressed,

although the degree varied for each group. A continued increase in the confidence interval

should be expected, as the impact of the variation in the mass loss rate would compound over

the duration of the test. Pine had a relatively narrow 95% confidence interval, indicating con-

sistent results; however, an increase in the number of pine tests likely contributed to shrinking

the 95% confidence interval. The oak tests had the broadest 95% confidence interval, which is

consistent with the expected variations indicated by their early truncation. Sweetgum and wet

pine both had moderately broad 95% confidence intervals, indicating moderate deviations in

mass loss rate.
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Figure 4.2: Average mass fraction of each single fuel group.

Figure 4.3 presents the average mass fraction for the “clumped” fuel groups, with the

addition of the 95% confidence interval denoted by the shaded region. The clumped fuel groups

are a combination of mixed fuel groups with similar fuel compositions, and the methods used

to define them are also explained in Section 3.5. The mixed groups were clumped into one of

three groups, low, moderate, and high sweetgum groups. The low sweetgum group consisted

of tests with 0% to 20% sweetgum, the moderate sweetgum group consisted of tests with 30%

to 40%, and the high sweetgum group consisted of tests with 50% to 70% sweetgum. This

was done to reduce clutter and provide a clearer perspective of the mixed fuel groups. The

95% confidence interval for the moderate sweetgum group is slightly lower than that of the

other clumped groups, which can be attributed to the reduced variation in fuel composition.

Otherwise, the results mirror those seen in Figure 4.1, where the mass loss rate decreases with

additional sweetgum content.
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Figure 4.3: Average mass fraction of each clumped fuel group.

4.1.1 Mass Loss Rate

The mass loss rate is directly proportional to the rate of heat release, which is potentially the

most significant factor in determining the flammability of a substance [46]. From the average

mass fraction measurements, the normalized mass loss rate was calculated as the slope of a

linear best fit from the mass loss data through the steady-state region of each test. Figure 4.4

presents the box plots of the normalized mass loss rate of each fuel group.

Figure 4.4 shows the inner and outer quartiles, the median value, and the outliers for the

normalized mass loss rate of each fuel group. The inner quartile is denoted by blue boxes,

and the outer quartile by the dashed lines that extend from the inner quartile. The median

values occurred at the red line found within the inner quartile, and the outlying values were

distinguished by a red “+”. The results shown in Figure 4.4 reflected those found from the

measurements of the average mass fraction shown in Figures 4.1, 4.2 and 4.3. When discussing

box plot figures, the median measurements of pine will be used as a reference point. The

median values of the other fuel groups will be displayed as a percentage of the pine values in

parentheses after the fuel group is discussed.

31



Figure 4.4: Normalized mass loss rate for each fuel group.

Of the dry single fuel groups, pine had the highest median normalized mass loss rate,

followed by oak (45%) and then sweetgum (42%). The normalized mass loss rate of the oak

had a significant positive skew, reflecting the early truncation seen in the oak results in Figures

4.1 and 4.2. Oak tests within the upper quartile had normalized mass loss rates similar to those

of the upper quartile of pine, while the lower two quartiles of oak had results similar to the

median sweetgum value. In the following Figure 4.5 the normalized mass loss rates of oak will

be shown to be bimodal. This suggests that oak combustion is more dependent on additional

factors than that of pine or sweetgum. The increase in moisture significantly decreased the

median normalized mass loss rate of pine (55%); however, the median values were still similar

to the lower quartile values of dry pine. Furthermore, the lowest normalized mass loss rates

for wet pine were similar to the minimum values for dry pine. This suggests that wet pine

may have a normalized mass loss “floor” where mass loss rates below this value correspond

to inconsistent combustion. Most likely, the normalized mass loss rate within the flame front

remains consistent, and moisture primarily impacts the propagation rate of the flame front.
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Below the normalized mass loss rate “floor”, there is not sufficient total heat release along the

leading edge of the flame front to dry the fuel ahead of it.

The results shown in Figure 4.4 for mixed fuel groups reflect those found for the mea-

surements of the average mass fraction, with the normalized mass loss rate decreasing with

increasing sweetgum content. These results correspond to expectations of how pyrophytic and

mesophytic litter promotes and suppresses wildland fires, respectively [30]. In addition to the

expected general decrease in the normalized mass loss rate, distinct changes in the normalized

mass loss rate occur once the sweetgum content reaches certain thresholds.

For mixtures with a sweetgum content of 0% (113%), normalized mass loss rates exceed

the pine values for each quartile and the median value. Like in Figure 4.1, this indicates an inter-

action between pine and oak that accelerates the combustion of both fuels. Once the sweetgum

content increased to 10% (90%), the median and low quartile values of the normalized mass

loss rate decreased substantially; however, the upper quartile values were similar to that of 0%

sweetgum mixtures. This indicates that the presence of sweetgum may disrupt the interaction

between pine and oak, leading to a sharp drop in the normalized mass loss rate. There was little

change once the sweetgum content reaches 20% (95%), indicating that the impact of sweetgum

is still inconsistent. Although it may appear that the normalize mass loss rate increases at 20%

sweetgum content, this is likely due to the reduced number of tests carried out for this mixture.

At 30% (85%) the normalized mass loss rate begins to decrease more consistently. The lower

quartile values for this mixture are similar to those found for the 20% tests; however, the upper

quartile decreases significantly. This suggests that once sweetgum reaches 30%, the interaction

between pine and oak is consistently disrupted. As sweetgum increases further to 70% (46%),

the normalized mass loss rate approaches the values found for sweetgum at a roughly consistent

rate. Given that the median value for the 70% sweetgum tests is not increased by the presence

of oak, it is likely that sweetgum can serve to limit the rate of mass loss of oak to its lower

mode.
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Figure 4.5 compares the normalized mass loss rate with the fuel specific volume for each

test. Similarly to Figures 4.1, 4.2, and 4.3, the tests are color-coded according to their fuel

composition, as described in Section 3.5. To avoid compressing the fuel beds and to closely

emulate an undisturbed forest floor, the depth of the fuel bed was not kept constant. The depth

of the fuel bed was recorded before each test to allow the effects of the fuel specific volume

to be examined. The fuel specific volume was used in this figure instead of fuel bulk density

because it showed a stronger linear relationship to the mass loss rate.

Figure 4.5: Normalized mass loss rate compared to fuel specific volume for each test.

Figure 4.5 shows that the relationship between fuel specific volume and normalized mass

loss rate was statistically significant (m = 0.033 m3/kgs, σ = 0.0035, tstat = 9.43, pval = 5.60e-

17). This relationship is expected for fuel-rich combustion, as an increase in the amount of

oxygen available moves the reaction closer to stoichiometric conditions. In particular, two

groups of oak tests can be observed in Figure 4.5 that have significantly different normalized

mass loss rates, despite having similar fuel specific volumes. This indicates that oxygen avail-

ability is not responsible for the variance in the normalized mass loss rate observed in oak.

Figure 4.6 compares the normalized mass loss rate and the ambient humidity of each test.

Ambient humidity did not have a statistically significant impact on the normalized mass loss
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rate. However, in Figure 4.6 it is shown that all oak tests with increased rates of normalized

mass loss occurred when the ambient humidity was noticeably lower. Combined with the

results that no mixed moisture tests were able to achieve sustainable combustion, this suggests

that the moisture content may have a greater impact on the combustion of oak. The dependence

on ambient humidity would suggest that the heat required to remove moisture represents a much

larger proportion of the total heat required to propagate oak combustion. When considering the

increased mass loss rates found in tests with low sweetgum content, it is possible that this is

caused by pine, which produces enough excess heat to decrease moisture ahead of the flame

front sufficiently so that the oak can burn more easily. In this study, pine has been shown to

sustain combustion in high moisture conditions, further supporting this interaction.

Figure 4.6: Normalized mass loss rate compared to ambient humidity for each test.

35



In contrast, mesophytes have been shown to have increased moisture retention [30], pre-

senting the possibility that this moisture content within the sweetgum slows oak combustion.

For these reasons, as the sweetgum mass fraction increases and the pine mass fraction de-

creases, the effect of moisture on the combustion of oak becomes more pronounced. In partic-

ular, Figure 4.5 shows that low sweetgum content mixtures often have higher mass loss rates

than pine tests with similar fuel specific volumes. In addition to this, low humidity oak tests

produced higher mass loss rates than pine with similar fuel specific volumes. Together, these

findings suggest that once the oak has been dried out by the pine, it ignites before the surround-

ing pine and then accelerates the pine combustion.

4.1.2 Combustion Fraction

While mass loss rate is related to the heat release rate, the combustion fraction (η) was used

to approximate the consumption efficiency of each fuel group. The combustion fraction is

correlated with the efficiency of fuel consumption and was calculated using the fraction of the

mass that remains after the test with the initial loading mass. The combustion fractions of each

fuel group are presented in Figure 4.7, which uses the same method to present the results as the

previous normalized mass loss box plot, Figure 4.4.

Like the mass loss rate, dry pine was found to have the highest combustion fraction among

individual species. Furthermore, the combustion fraction of pine (98%) only marginally de-

creased with high moisture content. The combustion fraction of oak (95%) was not found to

be bimodal and was the lowest of the single fuel groups. As the combustion fraction of the

oak was not bimodal and the moisture had only a mild impact on the combustion fraction of

the pine, this suggests that the moisture only increases the heat required for initial combus-

tion. The combustion fraction for sweetgum (97%) was comparable to that of wet pine. The

combustion fraction generally decreased with an increase in sweetgum. The mixtures with

sweetgum content of 0% (101%), 10% (95%), 20% (97%), 30% (91%) and 40% (98%) had

similar results to those found for the single fuel groups. However, once the sweetgum content

reached 50% (80%), the combustion fraction dropped dramatically and produced much lower

combustion fractions than its constituent species. Once the sweetgum content increased further

36



Figure 4.7: Combustion fraction for each fuel group.

to 60% (89%) and 70% (92%) the combustion fraction began to increase. This implies that the

decrease in the combustion fraction is not due to the combustion fractions of the constituent

species but to an interaction between the species that disrupts combustion.

Figure 4.8 displays the combustion fraction and the fuel specific volume for each test. Fuel

specific volume has a significant impact on the oxygen available to the fuel and is therefore

expected to have a significant impact on the combustion efficiency. In Figure 4.8 it is shown

that the fuel specific volume has a positive relationship (m = 0.606 kg/m3, σ = 0.164, tstat

= 3.70, pval = 8.01e-04), with the combustion fraction. This would be expected for fuel-rich

combustion; as oxygen availability increases and the combustion approaches its stoichiometric

condition.
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Figure 4.8: Combustion fraction compared to fuel specific volume for each test.

The results of the mass measurements show that the fuel composition significantly affected

the normalized mass loss rate of the fuel. Pine was found to consistently overcome the increase

in moisture content, while oak showed an increased sensitivity to it. The results indicate that

this reflects pine combustion having a greater heat release near the flame front, which provides

enough heat to consistently dry and ignite the fuel ahead of the flame front. In contrast, oak

may have low heat requirements for combustion, thus allowing for rapid propagation with

small changes in the heat requirement having larger impacts proportionally. Tests with a 0%

sweetgum content showed normalized mass loss rates that were higher than those of any of the

single fuel groups. The results indicate that this may be due to the combustion of pine drying the

oak ahead of the flame front and then oak igniting surrounding pine before it would otherwise

ignite. The combustion fraction decreased for mixtures that included 50% to 70% sweetgum.

This was most prevalent with 50% sweetgum mixtures, indicating an additional interaction

between fuel species that interrupts combustion. The next section displays the results of the

temperature measurements to provide further insight into these observations.
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4.2 Combustion Temperature Measurements

The temperature of the flame has been shown to have a significant impact on combustion ef-

ficiency [47]. To understand how sweetgum can suppress the combustion efficiency of oak,

the flame temperature was investigated using the method described in Section 3.3.2. During

testing, an array of nine thermocouples was used to measure the flame temperature at multiple

heights. The time of each thermocouple was offset so that each thermocouple recorded its first

measurement of 350 K at t = 0 for the middle and top rows. In the bottom row, the first 400

K measurement was used for t = 0, as some fuel compositions would inconsistently heat the

fuel ahead of the flame front. Then, for each test, the thermocouple measurements along each

row were averaged at each point in time using the same method as the average mass fraction

measurements. The results for the temperature profile of the bottom row are shown in Figure

4.9.

Figure 4.9: Temperature profile across the bottom row.
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Figure 4.9 displays the temperature profile along the bottom row of the thermocouples.

The temperature distribution ahead, within, and behind the flame front can be observed as the

flame front propagates across the test bed. Specifically, along the bottom row, the temperature

profile allows insight into the distribution of heat release within the flame front. The pine tem-

perature profile along the bottom row showed a narrow, rounded temperature peak and a rapid

decrease behind the peak. This suggests a thin flame front, where combustion is concentrated

with reduced smoldering behind it. The increase in moisture content decreased the temperature

peak and slowed the rate at which the temperature decreased. This indicates that a sufficiently

high moisture content broadens the flame front. The temperature profile for oak was similar to

that of wet pine, except with a more rounded peak and higher residual temperatures. Again,

this reflects increased combustion behind the flame front and a potential increase in smoldering

combustion. The temperature profile for sweetgum produced a peak that was lower than that of

dry pine but above that of oak and wet pine’s peak. The peak was much flatter than that of the

other species. Furthermore, while the trailing edge of the temperature peak was greater than

that of oak, the temperature then decreased rapidly to a lower residual temperature. This may

reflect a broad flame front with evenly distributed combustion and moderate smoldering behind

the flame front.

Like the average mass fraction Figure 4.1, Figure 4.9 was split into two additional fig-

ures that focus on the single fuel and the clumped fuel groups with the addition of the 95%

confidence interval. Figure 4.10 displays the temperature profile across the bottom row of the

thermocouples for the single fuel groups. This figure provides a more streamlined perspective

by reducing the number of data sets. The pine had a narrower 95% confidence interval than the

other fuel groups. Oak and sweetgum had similar moderate 95% confidence intervals, while

wet pine had the largest 95% confidence interval. This is expected, as the wet pine tests in-

cluded a wide range of moisture levels, which would result in less consistent results between

each test. Although oak exhibits bimodal normalized mass loss rates, its 95% confidence inter-

val is fairly moderate, indicating little difference in the heat release profile.
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Figure 4.10: Temperature profile across the bottom row for single fuel groups.

Figure 4.11 displays the temperature profile across the bottom row of the thermocouples

for the clumped fuel groups. Again, this was done to reduce the number of data sets presented

and provide a clearer view of the data. All three mixture clumps produced similar peak tem-

peratures, which was likely caused by pine combustion. Since each mixture clump included

multiple fuel compositions, there was likely greater variance within them. The low sweetgum

content tests resulted in rapid increases in temperature, probably as a result of increased prop-

agation rates. These mixtures also had broad, flat temperature peaks. However, as shown in

Figure 4.4, the mass loss rate typically varied more as the sweetgum content decreased. These

variances are likely the cause of the temperature peak profile rather than the actual tempera-

ture profile. The temperature decreased rapidly compared to the other the other clumped fuel

groups, reflecting the previously observed temperature decrease trends found in the pine tests.
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Figure 4.11: Temperature profile across the bottom row for clumped fuel groups.

The moderate sweetgum content mixtures increased in temperature more gradually, re-

flecting slower propagation. The temperature peak was also found to be broad and rounded as

a result of less variation given the smaller sweetgum content range. The temperature gradu-

ally decreases with a higher residual temperature than that found in tests with a low sweetgum

content. This suggests greater smoldering behind the flame front, given the reduced impact of

the pine. High sweetgum content tests also had gradual increases in temperature, again reflect-

ing slower propagation. Here, the temperature peak was also rounded but much narrower. In

addition, the temperature gradually decreased, but had the lowest residual temperature. These

indicate moderately reduced smoldering, which is also reflected in the sweetgum temperature

profile. Additionally, reduced smoldering in the high sweetgum content tests may have caused

the reduced combustion fractions in these mixtures.
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Figure 4.12 shows the temperature profile across the middle row of the thermocouples.

Along the middle row, the impact of the mass loss rate distribution across the flame front begins

to have an increased impact on the temperature profile. The distribution of mass loss and heat

release is not necessarily synchronized, and the concentration of mass loss has a greater impact

on flame height. Additionally, as the height of the temperature measurements increases, the

affects of smoldering combustion on the measurements are reduced.

Figure 4.12: Temperature profile across the middle row.

The peak of the pine temperature was again the highest among the individual species,

but lower than its peak along the bottom row. Because the distance from the flame bed has

increased, a decrease in temperature is expected; this is also observed in the other fuel groups.

The temperature profile of the pine had a much sharper peak than along the bottom row, and a

short flat region, or shoulder, appeared as the temperature decreased. The temperature profile

suggests a small region of increased mass loss within the flame front, followed by a second

region of slightly reduced mass loss. The increased concentration of mass loss within these

regions would then directly increase the height of the flame at that point. The increase in

moisture content reduced and flattened the temperature peak along the middle row. Since dry

pine showed a smaller region of increased flame height and the moisture content varied between

43



tests, this profile may not provide an accurate description of the true results. Like pine, the

temperature peak of the oak became sharper along the middle row, possibly because of a thin

region of rapid combustion. Along the bottom row, oak’s temperature decrease was much more

gradual than pine’s but is now similarly steep. This reflects the reduced impact of smoldering

combustion farther away from the fuel bed. Sweetgum’s temperature profile was flatter than

those found in the other species and again reflects a broader flame front with evenly distributed

combustion. The temperature decrease remained gradual, also suggesting a broader flame front.

Figure 4.13 shows the temperature profile across the middle row of the thermocouples for

the single fuel groups, with the inclusion of the 95% confidence interval. The size of the 95%

confidence intervals for pine, wet pine and oak was similar to that seen along the bottom row

in Figure 4.10. Sweetgum, however, displayed a much broader 95% confidence interval along

its peak region. This may suggest intermittent combustion within the sweetgum flame front.

This would cause the flame height to reach the thermocouples at this height inconsistently,

producing significant variation in the measurements above the flame front.

Figure 4.13: Temperature profile across the middle row for single fuel groups.

Figure 4.14 displays the temperature profile across the middle row of the thermocouples

for the clumped fuel groups. In the middle row, the differences between the clumped fuel
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groups were more distinct. The sweetgum content significantly decreased both the rate at which

the temperature increased and the temperature peak. Fuel mixtures with a low sweetgum con-

tent had a higher temperature peak than pine; however, as the sweetgum content increased,

the temperature decreased below that of the sweetgum. The low sweetgum content mixtures

likely produced flame fronts with greater height, as their temperature peaks are still below that

found for pine along the bottom row, which is supported by the increased mass loss rate found

in low sweetgum content mixtures. Conversely, high sweetgum mixtures probably resulted in

lower flame heights, as the small region of peak combustion for each fuel may have occurred

at different locations within the flame front.

Figure 4.14: Temperature profile across the middle row for clumped fuel groups.
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Figure 4.15 shows the temperature profile across the top row of thermocouples. As the

distance from the fuel bed increases, the temperature measurements become increasingly de-

pendent on flame height and therefore the mass loss instead of the heat release rate distribution,

combustion temperature, and smoldering combustion.

Figure 4.15: Temperature profile across the top row.

Temperature peaks are reduced again as distance from the fuel bed is increased, which is

to be expected. At this height, the temperature profile for the pine was similar to that found

along the middle row. This reflects the possibility that the pine produces flame heights sufficient

to reach the top row of thermocouples. The temperature peak for wet pine was significantly

delayed, but higher than that for the other species. This reflects a relatively high heat release

and a low propagation rate because the temperature would reach its threshold farther away

from the thermocouples but would take longer to reach them. The temperature profile of the

oak became rounded, and the peak temperature dropped significantly, indicating that the flame

height no longer reached the thermocouples. Sweetgum was similarly rounded with a drop in

peak temperature; however, oak had slightly higher temperatures along the leading edge of the

flame front. In contrast, the sweetgum had a slightly higher temperature along the trailing edge

of the flame front. This indicates that the regions of the peak concentration of mass loss and,
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therefore, the height of the flame for oak and sweetgum occurred at different points within their

respective flame fronts. The peak mass loss concentration for oak probably occurred toward the

leading edge of its flame front, while sweetgum had its peak mass loss concentration toward

the trailing edge of its flame front.

Figure 4.16 shows the temperature profile across the top row of thermocouples for the

single fuel groups, with the inclusion of the 95% confidence interval. The 95% confidence

interval for pine was wider than it was at other thermocouple placements, indicating more

variation in peak temperature. This can probably be attributed to the slight flickering of the

flame, which would cause small dips in temperature near the highest point of the flame. Oak and

sweetgum also had wider 95% confidence intervals near their peaks, and to a greater extent than

pine. Although pine flames may occasionally have dropped below the thermocouples, it was

likely the reverse for oak and sweetgum, which only occasionally reached the thermocouples.

Wet pine had the widest 95% confidence interval for its entire duration, although this is likely

caused by variations in propagation rate due to different moisture contents.

Figure 4.16: Temperature profile across the top row for single fuel groups.

Figure 4.17 displays the temperature profile across the top row of the thermocouples for the

clumped fuel groups. The differences between the clumped fuel groups were more pronounced
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at this height. Like in the middle row, the sweetgum content significantly decreased both the

rate at which the temperature increased and the temperature peak. Fuel mixtures with a low

sweetgum content had a higher temperature peak than pine; however, as the sweetgum content

increased, the temperature decreased below that of sweetgum. The low sweetgum mixtures

likely produced flame fronts with greater height as their temperature peaks are still below that

found for pine along the bottom row, which is supported by the increased mass loss rate found in

low sweetgum mixtures. Conversely, high sweetgum mixtures probably resulted in lower flame

heights, as the small region of peak combustion for each fuel may have occurred at different

locations within the flame front. In addition, the temperature peak for the moderate sweetgum

mixtures occurs after both the low and high sweetgum mixtures. This supports the possibility

that the three species experience a peak mass loss at different points in the flame front. Since

moderate sweetgum mixtures had similar concentrations for all three species, it is expected that

this would be most pronounced in moderate sweetgum mixtures.

Figure 4.17: Temperature profile across the top row for clumped fuel groups.
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4.2.1 Maximum Temperatures

In addition to the temperature-time measurements, the median maximum flame temperature

was recorded for each fuel group. The maximum flame temperature was found as the median

of the maximum temperature recorded along each row of thermocouples for each test. Figure

4.18 shows the maximum temperature for each fuel group in the bottom row. It should be noted

that the maximum temperatures measured and presented in Figures 4.18 through 4.20 are higher

than the temperature profile peaks shown in Figures 4.9 through 4.17. This is because the peak

temperatures did not occur at the same point and time in each test, so the peak temperature

values shown in Figures 4.9 through 4.17 do not reflect the maximum temperature achieved.

Figure 4.18: Max temperature measurements along the bottom row for each fuel group.

Among the single fuel groups, pine produced the highest maximum temperature, and wet

pine (97%) only had a moderate drop in maximum temperature. Oak (93%) had the lowest

maximum temperature of the three fuel species and did not have a bimodal distribution. The

maximum temperature of sweetgum (96%) was between those of oak and wet pine. The max-

imum values for pine, oak, and sweetgum set the expectations for maximum temperature and,
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by extension, the peak heat release for the mixed fuel groups. The moderate decrease in max-

imum temperature for wet pine suggests that the flame front and region of peak heat release

were slightly broadened. Given that additional heat is required to propagate the flame front,

the reduced heat available for combustion completion likely causes the flame front to progress

through combustion slower. Since the bimodal distribution of the normalized mass loss rate

found for oak did not translate into a bimodal distribution maximum temperature, oak may

have had a thin region of high heat release. This is because oak tests with low normalized mass

loss rates still resulted in maximum temperatures comparable to tests with high normalized

mass loss rates.

In the mixed fuel groups, the mixtures with a sweetgum content of 0% (101%) and 10%

(102%) had values slightly higher than pine and probably had higher rates of heat release within

the flame front. Although the 10% sweetgum mixture tests produced only slightly higher max-

imum temperatures than the 0% sweetgum mixture tests, it is still notable given that the 10%

sweetgum mixture tests had lower normalized mass loss rates and combustion fractions. This

would suggest that the introduction of sweetgum litter caused the region of peak heat release to

become narrower and therefore more concentrated, leading to higher maximum temperatures.

This is also reflected in the lower quartile of the maximum temperatures of the 0% sweetgum

mixture tests being much lower than those of the 10% sweetgum mixture tests. Although the

tests for the 0% sweetgum mixture had high maximum temperatures, their peaks of the temper-

ature profile were lower and flatter, as seen in Figure 4.9, indicating greater variability in the

location of the peak heat release region. This was likely caused by an increase in propagation

rate variability, which would also cause the larger spread of normalized mass loss shown in

Figure 4.4.

For mixtures between 20% (97%) to 40% (98%) sweetgum content, the median value of

the maximum temperature remained nearly constant, although the average values decreased.

As the sweetgum content increased further to 50% (97%) and 60% (93%), the median values

for the maximum temperature decreased, although it increased slightly for the 70% (96%)

sweetgum mixtures. Since the median values approached the value found for sweetgum (96%),
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it is likely that the decrease in temperature is a direct result of the temperatures produced by

sweetgum.

The maximum temperatures found along the middle row of the thermocouples were also

found and presented in Figure 4.19. Both the methods used to calculate and present the results

are the same as those used for the bottom row maximum temperatures. At this height, the max-

imum temperatures found are again higher than the peak temperatures found along the middle

row row temperature profile, shown in Figure 4.12. Observing the maximum temperatures

along the middle row of thermocouples provides a better understanding of the flame temper-

atures, as the thermocouples are removed from the fuel bed at this height. The temperatures

found along the bottom row are expected to be primarily influenced by the magnitude and dis-

tribution of heat release. Although heat release is still expected to influence the temperature

measurements along the middle row, the magnitude and distribution of mass loss should also

influence the temperature measurements. The reason for this is that changes in mass loss at a

given point influence the amount of particulates released, and therefore the flame height.

Figure 4.19: Max temperature measurements along the middle row for each fuel group.
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Pine again had the highest maximum temperature of the single fuel groups, with a median

value only 3% lower than that found for the bottom row. The median values for oak (91%)

and sweetgum (90%) were slightly lower than their relative values in the bottom row, but are

within reasonable expectations. Wet pine (87%) had a much lower relative maximum temper-

ature along the middle row than that found in the bottom row. This is in agreement with the

temperature profile for the bottom row, shown in Figure 4.15, which suggested that the increase

in moisture broadened the flame front. Given that the moisture content directly increases the

heat requirement for propagation, the reduction in excess heat likely slows the rate at which

combustion can be completed within the flame front.

In the bottom row, the maximum temperature increased slightly from 0% to 10% sweet-

gum, then generally decreased with increasing sweetgum content, approaching values similar

to sweetgum. In contrast, along the middle row the maximum temperature fluctuates between

increasing and decreasing with sweetgum content. The mixtures with 10% (102%) sweet-

gum again had the highest median values, followed by 0% (100%) sweetgum mixtures. The

temperature decrease between the 10% (102%) and 20% (94%) sweetgum mixtures was much

greater than the 5% decrease found along the bottom row. The maximum temperature decreases

slightly as the sweetgum increases to 30% (93%), but the temperature increased for 40% (96%)

and 50% (98%) sweetgum mixtures. Then at 60% (82%) the maximum temperature suddenly

decreases and continues to decrease at 70% (77%) sweetgum.

From the bottom row temperatures for 0% (100%) and 10% (102%) sweetgum, the results

suggest that the region of peak heat release became thinner with the introduction of sweet-

gum. This probably also caused the increase in temperature found in the middle row. Similarly,

the temperature decrease from 10% (102%) to 30% (93%) sweetgum is caused by the same

changes in the heat release distribution responsible for the temperatures seen for these mixtures

along the bottom row. In contrast, the increase in temperature from 30% (93%) to 50% (98%)

likely resulted from changes in the distribution of mass loss. Pine probably has its highest con-

centration of mass loss toward the leading edge of its flame front, while sweetgum probably has

a higher concentration toward the rear of its flame front. This is in agreement with observations

from the temperature profile results in each row, shown in Figures 4.10, 4.13, and 4.16. In
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these figures, the peak temperatures for sweetgum were found to occur later than the other sin-

gle fuel groups and to have temperatures relatively higher behind its peak. Since the sweetgum

content exceeds the pine content for 40% (96%) and 50% (98%) sweetgum mixtures, the mass

loss concentration probably converges to the region of peak sweetgum mass loss. While the

location of the maximum temperature is expected to shift from pine’s to sweetgum’s peak mass

loss region, the total temperatures are still notably higher than that of sweetgum. This is mainly

due to the increased mass loss rate, and therefore the heat release rate due to the presence of

pine in these mixtures leading to thinner flame fronts. The maximum temperature found for

wet pine mirrors this, as the decreased mass loss rate was expected to have caused the drop in

temperature found along the middle row.

Once the sweetgum becomes 60% (82%) of the mixture, the temperature drops precip-

itously, and again at 70% (77%) sweetgum. This temperature drop was not seen along the

bottom row, and as such this indicates that the flame height decreases below the height of the

middle row thermocouples. Since these temperatures are lower than those of oak (91%) and

sweetgum (90%), an interaction likely occurs between these two species that broadens the flame

front and therefore decreases the concentration of mass loss at any given point. In addition,

sweetgum probably disrupts the combustion completion of the other species, which may affect

the height of the flame. Although the combustion fraction likely affected the flame height, it is

probably not the primary cause of the decrease in flame height. This is because some mixtures

with lower combustion fractions still reached the middle row. In Figure 4.14, which shows

the temperature profile of the clumped fuel groups, the high sweetgum mixtures were shown

to have a much more gradual temperature increase than the low or moderate sweetgum fuel

groups. This also suggests broadened flame fronts, as the time between the initial temperature

measurement and peak temperature would increase with the width of the flame front.
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The maximum temperatures found along the top row are shown in Figure 4.20. Along the

top row, the maximum temperature is expected to be mostly dependent on flame height and

therefore on the distribution of mass loss, rather than that of heat release. Other than changing

the location of temperature measurements, the methods used to find and present the maximum

temperature are the same as those used for the bottom and middle rows.

Figure 4.20: Max temperature measurements along the top row for each fuel group.

Again, pine had the highest maximum temperatures of the single fuel group tests at this

height. The temperatures decreased again as height increased and to a greater extent than seen

along the middle row. Pine’s middle row temperature was 97% that of its bottom row temper-

ature, whereas the top row temperature was only 82%. Likewise, oak (79%) and sweetgum

(79%) probably did not reach the top row and as a result had much lower temperatures relative

to pine. This reflects the increased importance of mass loss and the decreased importance of

heat release. The relative temperature for wet pine (88%) remained roughly the same as that

of dry pine along the middle row, indicating that the decrease in its maximum temperature was

comparable to that of dry pine. Although moisture likely broadened the pine flame front, the
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relative distribution of mass loss was likely unchanged, resulting in a decrease in the wet pine

temperature mirroring that of dry pine.

The highest maximum temperature was produced by the 0% (103%) sweetgum tests while

10% (100%) sweetgum tests had the second highest value. This is in contrast to the temperature

measurements in the bottom and middle rows, where 10% sweetgum tests had higher values.

This further supports the claim that the 0% sweetgum tests had higher concentrations of mass

loss while the 10% sweetgum tests had higher concentrations of heat release. Like in the

bottom and middle rows, the temperature decreased at 20% (96%) sweetgum. The temperatures

remained relatively consistent for 30% (94%) and 40% (96%) sweetgum. Like in the results in

the middle row, the temperature drops precipitously; however, along the top row, this occurred

earlier, at 50% (78%) sweetgum. The temperature continued to decrease as the sweetgum

content reached 60% (69%), but only decreased slightly for 70% (66%) sweetgum. Given

that the temperature drop occurred with a lower sweetgum content, the flame height is likely

to decrease as the sweetgum content increases, rather than dropping once sweetgum content

reaches 60%. The distribution of mass loss and heat release in sweetgum is likely to differ

from pine and oak more than those species differ from each other. Potentially, these differences

cause the flame front to broaden as each fuel progresses through its combustion separately at

different points in the flame front.
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Similarly to the mass loss rate, the effects of fuel specific volume on temperature were

explored. The fuel specific volume directly impacts the oxygen available to the fuel bed and is

expected to affect the combustion temperature as a result. The maximum temperature compared

to the specific fuel volume is shown in Figure 4.21. The fuel specific volume is shown to have a

statistically significant relationship with the maximum temperature (m = 734 Kkg/m3, σ = 146

K, tstat = 5.40, pval = 2.39e-08). This aligns with expectations, as increased oxygen availability

should increase the temperature in fuel-rich combustion.

Figure 4.21: Maximum temperature along the bottom row compared with fuel specific volume.

Figure 4.22 shows the maximum temperature along the middle row compared to the fuel

specific volume. The relationship between temperature and fuel specific volume is statistically

significant (m = 1.15e+3 Kkg/m3, σ = 199 K, tstat = 5.77, pval = 4.13e-08) and more pro-

nounced than along the bottom row of thermocouples. This is reasonable, given that the mass

loss had a strong positive relationship to the fuel specific volume and is expected to have an

increasing impact on the temperature as the height increases.
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Figure 4.22: Maximum temperature along the middle row compared with fuel specific volume.

Figure 4.23 shows the maximum temperature along the top row compared to the fuel

specific volume. Again, the relationship between temperature and fuel specific volume is sta-

tistically significant (m = 1.76e+3 Kkg/m3, σ = 217 K, tstat = 8.16, pval = 1.04e-13). The

relationship between temperature and fuel specific volume is the strongest at this height and

aligns with the expectations from the previous figure.

Figure 4.23: Maximum temperature along the top row compared with fuel specific volume.
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The results of the temperature measurements show that the temperatures within the fuel

bed differ slightly between each species, and these differences are reflected in mixed tests. The

flame height was likely determined by the concentration of mass loss at any given point. This is

supported by the fuel specific volume having a greater impact on the temperature as the distance

from the fuel bed increased. As the concentration of mass loss is directly correlated with the

combustion rate, the rate increases near stoichiometric conditions.

The mass and temperature measurements suggest that multiple interactions occur between

the species tested. The pine and oak mixtures resulted in higher mass loss rates and likely

higher flame heights. As sweetgum increased, the pine-oak interaction was disrupted, slowing

the mass loss rate and initially producing higher combustion temperatures. As the sweetgum

content of the mixture further increased, the combustion fraction and the probable height of

the flame decreased to values below that of the sweetgum itself. To gain further insight into

these possible interactions, optical diagnostics were used to capture the propagation rate mea-

surements and produce a more complete picture of the impact of sweetgum content on the

combustion characteristics of fuel mixtures.

4.3 Flame Front Measurements

The measurements for the location and propagation rate of the flame front are presented in this

section. Flame front propagation is an import factor in flame behavior, as it has a significant

impact on the mass loss rate and, therefore, the heat release rate of the fuel bed. Flame height,

length, surface area, and intensity were also originally investigated; however, these measure-

ments were ultimately excluded due to technical limitations. During tests, sweetgum and pine

were found to produce significantly different flame intensities, which did not allow for a camera

exposure that could consistently capture the reduced intensity of mixtures with a high sweet-

gum content without inaccurate results for the increased intensity of pine. These variations in

intensity produced by each mixture caused difficulties in accurately measuring the geometry of

the flame; however, the flame front was able to be tracked with some accuracy and is shown in

Figure 4.24.
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The flame front was found for each test by recording the forward most point at a given

time. If the forward most point ever regressed, the previous forward most point was used

instead. This was done to prevent the flame front from momentarily producing negative prop-

agation rates during low intensity tests; however, this resulted in regions where the flame front

was measured to be stationary and then jump forward. It should also be noted that the steady-

state region used for optical measurements differs slightly from those used in previous sections.

This is because the optical measurements were taken independently of the other measurements

and began to record immediately after initial non-zero intensity measurements. This caused

fuel groups to begin at positive flame front locations as initial non-zero intensity measurements

occurred after ignition.

Figure 4.24: Average flame front time history.

The total propagated distance is generally shorter for the fuel mixtures with higher prop-

agation rates, and this is most likely due to how the results were truncated. Similarly to the

average mass fraction, shown in Figure 4.1, the measurements are only presented over the

shortest test duration, so tests with any positive propagation rate outliers would result in shorter

measurement durations. Unlike in Figure 4.1, oak was not significantly truncated. This sup-

ports the probability that moisture suppressed oak propagation, as none of the low humidity
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oak tests were included in the tests with the Ximea optical measurements. As a result, only oak

tests with low mass loss rates and propagation rates were included in Figure 4.24.

Pine and mixtures with less sweetgum produced the steepest slopes, which correlates to

higher propagation rates. This suggests that the increased mass loss rates seen in these fuel

groups are, at least in part, due to the increased propagation rates. As the sweetgum content

increased in the mixed fuel groups, the tests were more likely to result in regions of flame

intensity below the threshold to be recorded; however, this was not present in the sweetgum

tests. This supports the possibility that high sweetgum mixtures produce broader flame fronts,

as broad flame fronts would be less likely to produce one region of high flame intensity.

The flame front measurements were also divided into single fuel groups and clumped fuel

groups to simplify the presentation of the results. The 95% confidence intervals were also

included again. The flame front locations of the single fuel group are shown in Figure 4.25.

Similarly to previous time figures, pine had a thin 95% confidence interval, while wet pine

had a broader 95% confidence interval. Both should be expected given the previous results in

which pine has been consistent and wet pine has varied due to inconsistent moisture content.

The 95% confidence interval for sweetgum also mirrored previous results, being between dry

and wet pine in terms of width. In contrast, oak had a much tighter 95% confidence interval

than in its average mass fraction, shown in Figure 4.3. Again, this supports the possibility

that humidity suppresses the propagation of the oak flame front, as there was significantly less

variation in the oak results.
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Figure 4.25: Average flame front time history for each single fuel group.

Figure 4.26 displays the average 95% confidence interval of the clumped fuel group flame

front locations. As the sweetgum content increased, the 95% confidence interval widened, with

the low sweetgum tests having less variation than the moderate sweetgum tests despite having

a wider range of sweetgum content. This is likely caused by high sweetgum tests being prone

to producing inaccurate results due to low intensities, which is also reflected in the nonlinear

flame front location profile.
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Figure 4.26: Average flame front time history for each mixed fuel group.

4.3.1 Propagation Rate

The propagation rate was found using the slope of the linear fit of the location of the flame

front within the optical steady-state region for each test and is shown in Figure 4.27. Single

fuel test beds and low sweetgum mixtures displayed resulted near the expected values. How-

ever, as the sweetgum content increased in mixed tests, the values decreased below reasonable

expectations. This is also reflected in Figure 4.24, where multiple tests had inconsistent mea-

surements. Although the propagation rate calculated from CH* chemiluminescence measure-

ments is generally accurate for high intensity tests; low intensity tests likely have inaccurately

low propagation rates. To correct for this and include tests without CH* chemiluminescence

measurements, the propagation rate was estimated from the non-optical steady-state burn time,

(tss), and propagation distance, (Lss), and is shown in Figure 4.28.
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Figure 4.27: Propagation rate measurements for each fuel group.

Figure 4.28 displays the estimated propagation rate calculated from Equation 3.3. Overall,

these results are clearer and likely provide better insight into how the propagation rate was

impacted by fuel composition. Notably, most mixtures display a wider range of propagation

rates, which is due to the inclusion of additional tests. This is most prevalent in oak litter tests

and low sweetgum content mixtures, reflecting the deviations found in their mass loss rates.

The median values for the single fuel tests and the tests with a low sweetgum content had

only marginal changes from Figure 4.27. This indicates that these tests generally had at least

some region of increased combustion intensity, resulting in consistent optical measurements.

As sweetgum increased within mixed fuel tests, the median propagation rate measurements

generally decreased. This suggests that high sweetgum content mixtures do not have any region

of increased combustion, despite the fact that their constituent fuels do. This may be caused by

either a wide enough and evenly distributed flame front or simply suppressed combustion.

63



Figure 4.28: Estimated propagation rate measurements for each fuel group.

Similarly to the previous measurements, the dry pine tests were found to have the highest

median propagation rate among the single fuel groups. The median propagation rate decreased

significantly for wet pine (53%). This drastic decrease in propagation rate reflects the decrease

found in the mass loss rate and is likely the primary cause of that decrease. The propagation

rate is expected to depend on the ratio between the heat release rate near the flame front and the

heat required to dry and ignite the fuel ahead of the flame front. The moisture content increases

the preheating required for combustion, and this is reflected in the propagation rate of the wet

pine. Like the oak (66%) mass loss rate, its propagation rate was found to be bimodal. Given

the relationship between mass loss and propagation rates, this should be expected. The median

propagation rate of sweetgum (60%) was also found to be close to that of the lower quartiles of

oak. The propagation rates found for mixed tests also mirror their mass loss rate measurements.

The low sweetgum tests had high median values, with 0% (111%) sweetgum tests having

the highest median propagation rate by a wide margin. Both the 10% (97%) and 20% (105%)

sweetgum tests also had high values. The median propagation rate observed for 0% sweetgum

tests mirror its median mass loss rate, although the relative propagation rates for the 10% and

64



20% sweetgum tests were approximately 10% higher than their relative median mass loss rates.

This indicates that the 10% and 20% sweetgum tests had somewhat lower mass loss rates when

factoring in their propagation rates. This supports previous observations regarding the mass

loss and heat release concentrations of these mixtures. An increased concentration of heat

release near the leading edge of the flame front wound increases the propagation rate without

necessarily increasing the mass loss rate proportionally. In contrast, proportionally increasing

mass loss rates would lead to increased mass loss concentrations.

Once the sweetgum content reached 30% (87%), the propagation rate and spread de-

creased immediately. This probably reflects the prevention of the presumed pine-oak interac-

tion. As the sweetgum content increased from 40% (77%) to 60% (63%), the propagation rate

decreased consistently, but dropped significantly in 70% (47%) sweetgum mixtures. Mixtures

with 30%, 40%, and 70% sweetgum content have propagation rates approximately proportional

to their mass loss rates. In contrast, mixtures with 50% and 60% sweetgum experienced a drop

in mass loss rate that was not reflected in their propagation rate. This suggests that the changes

in the mass loss rate seen in 30% and 40% sweetgum tests are caused by their changes in propa-

gation rate, since their changes are proportional. However, once the sweetgum content reaches

50%, an additional factor is causing the mass loss rate to decrease. Then once the sweetgum

content reaches 70%, another factor causes a drop in the propagation rate, without affecting

the mass loss rate. This can probably be explained by the changes in the combustion fraction

seen in these mixtures. The combustion fraction drops precipitously between mixtures with

40% and 50% sweetgum content, which also corresponds to the observed decrease in the mass

loss rate. As the sweetgum content increases to 70%, the combustion fraction increased, thus

changes in the mass loss rate were again reflected in changes in the propagation rate.

The estimated propagation rate of each test was compared with its fuel specific volume

in Figure 4.29. The fuel specific volume was found to have a strong linear relationship (m =

2.29 cm kg/m3s, σ = 0.282 cm/s tstat = 8.11, pval = 1.43e-13) with the fuel propagation rate.

Again, this relationship indicates fuel-rich combustion.
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Figure 4.29: Estimated propagation rate compared with fuel specific volume.

Figure 4.30 compares the estimated propagation rate with the ambient humidity of each

test. Ambient humidity did not have a statistically significant relationship with the propagation

rate, but again shows that low humidity oak tests had increased propagation rates. This fur-

ther supports the possibility that the propagation of the oak flame front is more dependent on

ambient humidity than the pine or sweetgum.
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Figure 4.30: Estimated propagation rate compared with ambient humidity.

4.4 Fuel Temperature Measurements

This section aims to compare the overall temperature of the fuel bed with the results of the

previous temperature section. Note that these measurements were not originally included in the

scope of this project. As such, these results are included to offer an additional perspective and

act as preliminary testing for future test methods. Additionally, tests were conducted with either

the Ximea or the FLIR camera, and since fuel temperature measurements were not originally

included in this study, there are limited data points for the fuel temperature and not all fuel

groups were used with the FLIR camera. The average fuel temperature was calculated by

measuring the infrared emission throughout the fuel bed as described in Section 3.3.4. Fuel

temperature measurements were recorded for the entire test independently of both the optical

and non-optical steady-state regions. Figure 4.31 shows the average fuel temperature at each

point in time for each fuel group included in the FLIR tests using the same method as used for

the previous time-averaged figures.
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Figure 4.31: Average fuel temperature across the fuel bed.

The time when the temperatures peaked for each mixture was generally slightly after the

time the same mixture had completely propagated in Figure 4.24. A notable exception to this is

the results for oak; however, this is likely due to Figure 4.24 excluding low humidity oak tests,

while Figure 4.31 only has low humidity oak tests. Given how the propagation rate of the oak

flame front changed with the ambient humidity, this should be expected. Since the flame front

location was truncated to include only the optical steady-state region and the fuel temperature

measurements were not, the time shown in Figure 4.31 is longer than the corresponding time

shown in the flame front location figures. This indicates that the average fuel temperature peaks

once the entire fuel bed has burned, which should be expected.

Dry pine produced a temperature profile with gradual, non-linear changes in temperature

and a low temperature peak. In combination with the high median propagation rate of pine,

this indicates a thin region of increased combustion with minimal smoldering. The increase in

moisture content slightly reduced the peak of the pine, but within expectations. The moisture

content also changed the way the temperature profile increased and decreased, which also re-

sulted in wider confidence intervals before and after the peak. In light of how the confidence
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interval flails out before and after the peak, the moisture content probably had progressive

changes in the width of the flame front.

The low humidity oak tests produced the highest temperature peak. Given that the tem-

perature peak is much higher than that of pine, this likely reflects a larger region of smoldering

combustion. This is also reflected in the linear temperature decrease behind the peak, which

would be caused by the progressive decline in smoldering combustion. Mixed tests with only

10% sweetgum content had a slightly lower and earlier temperature peak than dry oak. This

slight decrease in the temperature peak may be caused by the reduced smoldering seen in pine.

The tests with 30% sweetgum maintained a moderately delayed temperature peak, but main-

tained a magnitude similar to the 10% sweetgum tests. This probably reflects the reduced

propagation rates found for these mixtures, as well as the increase in smoldering expected with

reduced pine litter.

Increasing the sweetgum content to 40% resulted in a significant decrease in the peak

temperature, with minimal change in the time it occurred. Furthermore, this mixture showed a

wide confidence interval throughout the duration of the temperature profile. This may suggest

that there is a threshold near 40% sweetgum content that causes a reduction in the smoldering

combustion. This is also reflected in the tests with 60% sweetgum, which produced a tem-

perature peak slightly lower and later than the average 40% sweetgum test, except with much

less deviation. Although the results for mixtures with 60% sweetgum content and dry pine are

somewhat similar, this is probably caused by the former having increased smoldering and the

latter having increased propagation rates. In contrast, dry oak and low sweetgum mixtures ex-

hibit both traits, leading to higher average fuel temperatures. However, because of the limited

results from the fuel temperature tests, these findings provide only a general insight, and more

tests will be required to produce conclusive results.

Thus far, the results have suggested that changes in fuel composition and moisture con-

tent cause distinct changes in flame behavior once certain conditions have been met. However,

the previous observations are based only on apparent relationships between the different burn-

ing characteristics to support these claims. For this reason, the principle component analysis
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(PCA) was performed to provide a more complete understanding of the relationship between

the burning characteristic.

4.5 Principal Component Analysis

To understand how the variations of the burning characteristics were related to each other,

PCA was performed using the method described in Section 3.4. The constituent variables

used included the mass loss rate, combustion fraction, flame temperature at each height, and

estimated propagation rate. The estimated propagation rate was used instead of the optically

measured propagation rate so that more tests could be included in the analysis.

The first four principal components were found to explain 94% of the variance in the

results. The first principal component explained 56% of the variance and was most strongly

associated with the temperature of the top row (r = 0.49), the mass loss rate (r = 0.48), the

propagation rate (r = 0.45) and the temperature of the middle row (r = 0.42). The variable r

describes the correlation between the measured variable and the principal component and has

a value between 1 and -1. This component also had moderately positive relationships with the

temperature of the bottom row (r = 0.29) and the combustion fraction (r = 0.26). Given that this

component has a positive correlation with the six original variables, it can likely be associated

with overall flammability. The values of the first principal component for each fuel group are

shown in Figure 4.32. Note that in the following box plot figures, the value found for pine

will no longer be used as a reference point, and instead the exact values will be displayed in

parentheses for each fuel group.

Pine (1.05) had the only positive median first principal component value of the single

fuel groups; however, oak had positive values in its upper quartile. The median values for

oak (-2.10), wet pine (-1.51) and sweetgum (-1.60) were negative. Also, while oak had the

highest values in its upper quartile, it also had the lowest values in its lower quartiles. The

increased value for pine should be expected, as pine displayed the highest median values for

all measured variables, and the first principal component was also positively correlated with all

six. Likewise, reduced values for wet pine, oak, and sweetgum should also be expected given

the decreased values found in the previous sections.
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Figure 4.32: First principal component for each fuel mixture.

The tests with 0% (1.73) sweetgum had the highest median values for the first principal

component. The median values of the first principal component decreased relatively moderately

at 10% (1.46) and 20% (1.04) sweetgum content. Once the sweetgum content reached 30% (-

0.14) the value of the first principal component decreased substantially, had little change at 40%

(-0.04) sweetgum content. The median values decreased sharply again at the sweetgum content

of 50% (-1.53) and 60% (-2.59) and moderately at 70% (-2.87). In particular, mixtures with

sweetgum contents of 0% and 10% produce values exceeding that of pine and mixtures with

60% and 70% produce values below those of sweetgum. These results also reflect the likely

pine-oak and oak-sweetgum interactions, as the low and high sweetgum mixtures exhibited

more extreme values than the single fuel groups.

The second principal component had a strong positive correlation with the combustion

fraction (r = 0.86) and a strong negative correlation with the temperature along the bottom row

(r = -0.47) and explained 15% of the variation in the results. Positive values indicate that heat

released within the flame front is applied to the combustion completion, while negative values

indicate that a higher proportion of heat release is applied to the combustion temperature. The

values of the second principal component for each fuel group are shown in Figure 4.33.
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Figure 4.33: Second principal component for each fuel mixture.

Of the single fuel groups, sweetgum (0.48) had the highest median value, followed by wet

pine (0.45), pine (0.39) and oak (0.29). Pine and wet had a large spread of values for the second

principal component, with pine having a negative skew and wet pine having a positive skew.

Of the mixed fuel groups, 0% (0.36) sweetgum content tests had the highest values, which

decreased from the 10% (-0.44) to the 20% (0.00) sweetgum content. Although the median

values appear to increase from 10% to 20% sweetgum content fuel group, the average value of

the 20% sweetgum content tests (-0.78) is likely a better representation of the results given the

reduced number of tests conducted for this fuel group. Once the sweetgum content increases

further to 30% (0.07) and 40% (-0.32), the values of the second principal component increase.

At 50% (-0.9) the median value drops, before increasing again at 60% (-0.31) and 70% (0.39)

sweetgum content.

The third principal component explained 13% the variance in the data. This component

had a positive correlation with the temperature of the bottom row (r = 0.75) and the combustion

fraction (r = 0.34), and a negative correlation with the propagation rate (r = -0.48). This

probably corresponds to the location of the heat release concentration. Tests with high values

for the third principal component would have released more heat within or behind the flame
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front, whereas tests with lower values would have released more heat near the leading edge of

the flame front. The values of the third principal component for each fuel group are shown in

Figure 4.34.

Figure 4.34: Third principal component for each fuel mixture.

Like the second principal component, sweetgum (0.66) had the highest median value, fol-

lowed by wet pine (0.51), pine (0.3) and oak (-0.1). However, pine, wet pine, and oak all had

large spreads, resulting in high positive and low negative values at either extreme. Tests with

0% (-0.08) sweetgum content resulted in a median value near zero, but a much lower average

value (-0.32). The increase in the sweetgum content to 10% (0.2) increased the value of the

principal component before again decreasing at 20% (-0.09) sweetgum content, with a much

lower average value (-0.54). Although the upper quartile values increased for the 10% sweet-

gum content tests, the lower quartile values decreased at 10% and 20% sweetgum content. The

median value continues to fluctuate between increasing and decreasing as the sweetgum con-

tent increases. The median value increases for 30% (-0.08) and 40% (0.23) sweetgum content.

At 50% (0.28) sweetgum content, the median value increases slightly but has a significant neg-

ative skew, resulting in a much lower average value (-0.31). The tests with a sweetgum content

of 60% (-0.28) and 70% (0.33) had a lower spread than the other mixed fuel groups.
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The fourth principal component explained 10% of the total variation in the data. This

component has a strong correlation to the temperature of the middle row (0.75) and negative

correlations with the mass loss rate (-0.39) and the temperature of the bottom row (-0.35). The

values of the fourth principal component for each fuel group are shown in Figure 4.35.

Figure 4.35: Fourth principal component for each fuel mixture.

Sweetgum (0.43) had the highest median value of the single fuel groups, followed by wet

pine (0.14), pine (-0.07) and oak (-0.11). The median value for the fourth principal component

fluctuated for low sweetgum content mixtures, starting low for 0% (-0.3) sweetgum tests, in-

creased at 10% (0.13) sweetgum, and again decreased at 20% sweetgum (-0.25). The median

value then steadily increased for 30% (0.12), 40% (0.44), and 50% (0.71) sweetgum content

tests. At 60% (-0.06) sweetgum, the median value suddenly decreased and continued to de-

crease for 70% (-0.26) sweetgum content tests. The fourth principal component is likely less

practically significant because the temperatures were measured at discrete heights, rather than

continuously. The reason for this is that the middle row temperature has a distinct drop, despite

the flame height gradually decreasing.
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4.5.1 Cluster Analysis

Using the PCA results, the tests were categorized into one of five clusters. The MATLAB

evalclusters function was used to calculate the optimal number of clusters, and the kmedoids

function was used to assign each test to a cluster. The five clusters are ordered according to

their PC1 values, from highest to lowest, which is expected to reflect overall flammability. As

the sweetgum content increased, the tests typically moved into higher clusters. Pine tests were

found within the first three cluster, while oak and sweetgum tests were found primarily within

the fifth cluster. An exception to this was that low humidity tests appeared in the first and third

clusters. The composition of each cluster is shown in Table 4.1.

Table 4.1: Cluster Compositions

Fuel Groups Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5
Pine 18 10 14 1 2
Oak 3 0 4 1 9

Sweetgum 0 0 3 1 4
Wet Pine 0 1 1 1 3

0% Sweetgum 10 2 3 0 0
10% - 20% Sweetgum 9 8 3 2 0
30% - 40% Sweetgum 3 4 10 4 0
50% - 60% Sweetgum 0 4 1 9 6

70% Sweetgum 0 0 0 1 3

Figure 4.36 shows the average mass fraction over time for each fuel group, with the ad-

dition of the 95% confidence interval. Of the five clusters, the first had the steepest slope,

indicating a higher mass loss rate. The second and third clusters had similar mass loss profiles,

both less steep than the first cluster. The third cluster had a slightly steeper slope than the sec-

ond cluster; however, the difference is marginal. The fourth and fifth clusters were the least

steep profiles, both much less steep than the previous two clusters. Although the fourth and

fifth clusters had relatively similar profiles, the fourth cluster’s profile was slightly steeper and

ended earlier. In contrast, the fifth cluster tests took longer to complete, despite likely having

similar mass loss rates. This may be due to at least one high propagation rate test being in-

cluded in the fourth cluster. Another possibility is that the smoldering mass loss lasted longer
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in the fifth cluster tests, which would cause the mass loss to continue longer after the flame

front propagated.

Figure 4.36: Average mass fraction of each cluster.

Figure 4.37 shows the box plots of the normalized mass loss rate for each cluster. The

normalized mass loss rate was calculated and presented in the same way as the previous nor-

malized mass loss rate results shown in Figure 4.4. Like with the previous box plot figures,

the median values relative to pine are provided in parentheses. The first cluster had the highest

median normalized mass loss rate (11%), which was higher than the values of its constituent

species. The highest values in this cluster were much higher than those seen in the other clus-

ters, however, the lower bound values were similar to the median values of the second and third

cluster. Two sample t-tests were used to determine whether or not two clusters had statistically

significant different values. The second cluster did have a statistically significant (p ¡ 10e-11)

lower median mass loss rate (82%). The normalized mass loss rate did not experience a statis-

tically significant (p = 0.44) normalized mass loss rate (82%). This suggests that the changes in

the normalized mass loss rate from the first to second cluster are caused by a distinct change in

the flame front behavior, rather than gradual changes in flammability. Another statistically sig-

nificant (p ¡ 10e-6) and sharp drop in normalized mass loss rate (54%) from the third to fourth
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cluster. Given that the magnitude of the change in the normalized mass loss rate is similar to

that seen between the first and second clusters, it is likely that another distinct change in flame

front behavior occurs. The decrease in the normalized mass loss rate is more gradual between

the fourth and fifth (45%) clusters and not statistically significant (p = 0.08).

Figure 4.37: Normalized mass loss rate for each cluster.

Figure 4.38 presents the combustion fraction for each cluster. The first cluster had the

highest median combustion fraction (100%), which was similar to that of pine. The decrease

in the combustion fraction from the first to second cluster was moderate (95%), but statistically

significant (p ¡ 10e-3). The combustion fraction actually increased slightly with the third clus-

ter (98%), which was also statistically significant (p = 0.01). Although the previous changes in

the combustion fraction were fairly small, the combustion fraction dropped dramatically with

the fourth cluster (82%), which was much lower than any of the individual species. The drop

in combustion fraction was statistically significant (p ¡ 10e-12). The combustion fraction re-

covered in the fifth cluster (95%), which was again statistically significant (p ¡ 10e-8). The

combustion fractions found outside of the fourth cluster are likely largely caused by the com-

bustion fractions of the individual species. The sharp drop in combustion fraction seen in the
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fourth cluster further supports the idea that oak and sweetgum are interacting to prevent com-

plete combustion in moderately high sweetgum content mixtures. As the sweetgum content

increases further, this interaction is less likely to occur, and the combustion fraction returns to

values similar to that of unmixed sweetgum.

Figure 4.38: Combustion fraction for cluster.

The average temperatures across the bottom row of the thermocouples are shown in Figure

4.39. Despite the fact that the first cluster was the most flammable, the second cluster had the

highest peak temperature. The profile of the second cluster had a sharp increase in temperature,

with a wide peak, and a gentle decrease in temperature. These traits mirror those found in the

lowest sweetgum mixture fuel groups, shown in Figure 4.9. The second cluster had a profile that

was similar to that found for pine, with a high and narrow temperature peak. The temperature

peak dropped sharply with the third cluster. The peak continued to gradually drop and widen

with subsequent clusters. These results indicate that the interaction causing the increased mass

loss rates seen in cluster one may also cause a reduction in the concentration of heat release. In

contrast, the elimination of that interaction leads to an increase in the heat release concentration,

producing the high peak temperatures seen in cluster two. As the pine content decreased, the

concentration of heat released decreased as a result of a reduction in total heat release.
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Figure 4.39: Temperature profile across the bottom row for each cluster.

Figure 4.40 shows the average temperatures in the middle row of the thermocouples for

each cluster. The temperature peaks lowered and narrowed as expected, given the previous

results. Unlike the bottom row, the first cluster now had the highest and narrowest temperature

peak, with the second cluster’s temperature peak only being slightly lower. For each subsequent

cluster, the temperature peak lowered and widened, although the changes between the fourth

and fifth clusters were more marginal.

The average temperatures across the top row for each cluster are shown in Figure 4.41.

Again, the temperature peaks decreased as the height increased. Like with the middle row,

the first cluster had the highest peak temperature; however, now, the difference between the

first and second clusters was much greater. The temperature peak did lower and broaden with

each cluster, with a moderate difference between the second and third clusters, a large change

between the third and fourth cluster, and a marginal change between the last two. Although the

first cluster had a lower peak temperature along the bottom row, its peak temperature increased

relative to the other clusters as the height from the fuel bed increased. This suggests a higher

flame, which would be caused by an increase in the mass loss concentration.
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Figure 4.40: Temperature profile across the middle row for each cluster.

Figure 4.41: Temperature profile across the top row for each cluster.

Figure 4.42 shows the maximum temperature along the bottom row of the thermocouples

for each cluster. The first cluster had a maximum temperature (99%) slightly lower than that

of pine. However, the temperature in the bottom row increased significantly for the second
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cluster (106%) with the change being statically significant (p ¡ 10e-5). This again reinforces

the claim that the second cluster produces a region of increased heat release concentration. The

maximum then drops with the third cluster (97%), which again is statically significant (p ¡ 10e-

11). The maximum temperature continues to decrease with the fourth (93%) and fifth clusters

(94%) however, these changes are not statically significant (p = 0.06, p = 0.53). Overall, these

results indicate that a distinct aspect of the second cluster’s flame front leads to a region of

increased heat release concentration and therefore to the temperature.

Figure 4.42: Max temperature measurements along the bottom row for each cluster.

Figure 4.43 shows the maximum temperature along the middle row of the thermocouples

for each cluster. Along this row, the second cluster had the highest maximum temperature

(103%); however, it was not statically different (p = 0.76) from the first cluster (102%). The

temperature dropped moderately with the third cluster (94%), which was statically significant

(p < 10e-6). From the third to fourth cluster (91%), the decrease in temperature was small

but statically significant (p = 0.01). The sharpest temperature drop occurred with the fifth

cluster (77%), which was also statically significant (p < 10e-3). The sharp decrease seen

in the fifth cluster suggests that tests within this cluster did not produce flame heights that
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consistently reached the middle row of thermocouples. The increasing spread of temperature

values seen in the fourth and fifth clusters also suggests this, as whether or not the flame reached

the thermocouples would have a large impact on the temperature readings.

Figure 4.43: Max temperature measurements along the middle row for each cluster.

The maximum temperature measurements along the top row are shown in Figure 4.44.

Like the average temperature in the top row, shown in Figure 4.41, the highest maximum tem-

perature is now found in the first cluster (107%). The temperature drops notably for the second

cluster (100%), with the change being statically significant (p < 10e-3). The temperature con-

tinues to drop for each cluster. The decrease in temperature in the third (90%) and fourth

cluster (76%) is relatively high, and both are statically significant (p < 10e-4, p < 10e-7). The

temperature decreases for the fifth cluster (70%), although this change is almost, but not quite

statically significant (p = 0.06). The sharp decrease in temperature between the third and fourth

cluster is probably due to a reduced flame height, where the fourth and fifth cluster tests did not

consistently reach the top row of thermocouples.
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Figure 4.44: Max temperature measurements along the top row for each cluster.

Figure 4.45 shows the estimated propagation rate for each cluster. Like with the normal-

ized mass loss rate, the first cluster had a much higher (116%) median value than the other

clusters. The propagation rate decreased dramatically in the second cluster (86%) with the

change, unsurprisingly, being statically significant (p < 10e-9). The propagation rate increased

slightly in the third cluster (88%), but this change was insignificant (p = 0.36). The propaga-

tion rate decreased substantially again with the fourth cluster (65%), which was also statically

significant (p < 10e-2). The difference between the fourth and fifth cluster (60%) was more

gradual, but still statically significant (p < 10e-2). The decreases in propagation rate are likely

in part due to inherit differences in the flammability of the different species. However, the sharp

changes in propagation rate between the first and second, and the third and fourth clusters sug-

gest distinct changes in the flame front behavior.

The values of the first principal component, which relates to overall flammability, for each

cluster are shown in Figure 4.46. As mentioned previously, the clusters were ordered based

on their PC1 values. As such, the first cluster had the highest median value (1.96). Like

the first cluster, the second cluster (0.77) also had a positive value, indicating that these two
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Figure 4.45: Estimated propagation rate measurements for each cluster.

clusters exhibited high flammability. The difference between these two clusters was statically

significant (p < 10e-10). The third cluster (-0.04) had a value near zero, indicating moderate

flammability, the decrease from the second to the third cluster was also statically significant (p

< 10e-4). The fourth (-1.85) and fifth cluster (-2.54) had negative PC1 values, indicating low

flammability. The difference between the third and fourth cluster was statically significant (p

< 10e-12), but the difference between the fourth and fifth clusters was not significant, although

close to it (p = 0.052).
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Figure 4.46: First principal component for each cluster.

Figure 4.47 displays the values of the second principal component for each cluster. Posi-

tive PC2 values indicated that relatively more heat is applied to combustion completion, while

negative values indicated that more heat is used to increase temperature, flame front propaga-

tion, or is wasted. The first cluster (0.13) typically had slightly positive PC2 values. Although

the first cluster had a slightly positive median value, it had high and low values in its outer

quartiles. These results indicate that typically a large amount of heat release is directed toward

combustion completion; however, tests with rapid propagation may produce lower PC2 val-

ues. The second cluster (-0.55) had the second lowest values for PC2, which reflects the high

temperatures in the bottom row seen in this cluster. The difference between the PC2 values of

the first and second clusters is statically significant (p < 10e-3). The third cluster (0.44) had

the second highest median PC2 value, which reflects the slight increase in combustion fraction

and the drop in temperature seen in this cluster compared to the second cluster. The difference

between the PC2 values of the second and third clusters is also statically significant (p < 10e-

9). The fourth cluster (-0.8) had the lowest median PC2 value, which is reasonable given the

especially low combustion fractions seen in these tests. The difference between the third and

85



fourth PC2 values is also statically significant (p < 10e-9). The fifth (0.77) cluster had the high-

est median PC2 values, which was a statically significant (p < 10e-7) change from the fourth

cluster. This should be expected given the combustion fraction recovery, reduced temperature,

and propagation rate seen in this cluster.

Figure 4.47: Second principal component for each cluster.

The values of the third principal component for each cluster are shown in Figure 4.48.

The third principal component indicated the location of the heat release concentration, positive

values suggesting a greater amount of heat release toward the center of the flame front, and

negative values indicating a greater amount of heat release near the leading edge of the flame

front. The first cluster (-0.27) had the second lowest median PC3 value, reflecting the increased

propagation rate seen in this cluster. The second cluster (0.82) had the highest median PC3

value, which reflects the highest bottom row temperatures occurring within this cluster. The

difference between the first two clusters is statistically significant (p < 10e-9). The third cluster

(0.1) had a slightly positive median PC3 value, which was statically significant (p < 10e-4)

from the values of the second cluster. This reflects the decrease in the bottom row temperature

seen in this cluster. The fourth cluster (-0.55) had the most negative median PC3 value, which

was caused by the significantly reduced combustion fractions found for the tests in this cluster.
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The difference between the third and fourth cluster was statically significant (p = 0.02). The

fifth cluster (0.04) had a neutral median value, the differences between the PC3 values of the

fourth and fifth cluster were statically significant (p = 0.05). The median PC3 value for this

cluster reflects the overall lower concentration of heat release across the entire flame front.

Figure 4.48: Third principal component for each cluster.

4.6 Results Comparison

The findings of this study can be compared with those of several other studies that used similar

methods or fuel species. Of particular note is the study conducted by Stubbs et al. [14], which

originally developed the testing facility used in this study. Stubbs et al. studied the effects

of fuel loading with Pinus taeda using loadings of 0.98, 1.31, and 1.63 kg/m2 in contrast

to 0.57 kg/m2 used in the current study. Additionally, in the study by Stubbs et al. fuel was

compressed to have a consistent fuel bulk density of 20.6 kg/m3, where as in this study the test

bed was not compressed and had bulk densities between 4 and 10 kg/m3.

The mean normalized mass loss rate found by Stubbs et al. was 2.5e-3 in tests with fuel

loadings of 0.98 kg/m2, the load closest to those used in this study, and increased slightly

with fuel loading. This is significantly lower than the 5.5e-3 found in the current study and
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is probably due to differences in the bulk fuel densities. Using linear regression between the

normalized mass loss rate and the bulk density of pine needles in this study, a mass loss rate of -

3.6e-3 is predicted given the bulk densities used in the study by Stubbs et al. As a negative mass

loss rate is impossible, the bulk densities used by Stubbs et al. likely exceed the linear region

of the bulk density and mass loss relationship. The mass loss rate and fuel specific volume

are shown in Figure 4.5 to have asymptotic relationships approximately above 0.2 m3/kg and

below 0.15 m3/kg; or 5 kg/m3 and 6.7 kg/m3. Although this makes a direct comparison of the

mass loss rate between these studies difficult, the mass loss rates found by Stubbs et al. reflect

the lower bound of the mass loss rate found in other fuels tested in this study with similar fuel

bulk densities.

The mean residual mass fraction found by Stubbs et al. was 0.21, compared to 0.13 found

for dry pine tests in the current study. Similarly to the differences in the mass loss rate, the

contrast in the residual mass fractions is probably due to differences in the bulk density of the

fuel.

Stubbs et al. [14] found a median maximum flame temperature of 977 K along the bot-

tom row of thermocouples compared to 937 K found in this study. Although fuel specific

volume was shown to have a statistically significant relationship across all tests, it was insignif-

icant when only pine litter tests were considered. Furthermore, the time-averaged temperatures

found by Stubbs et al. showed some differences from those found in the current study. The

0.98 kg/m2 fuel loading tests produced a bottom row temperature profile similar to that of this

study. However, as the fuel loading increased, the temperature peak flattened and the tempera-

ture decrease after the peak was more gradual. All fuel loadings along the middle row produced

similar results to those found along the bottom row in this study. Along the top row the temper-

ature profiles of the 1.31 and 1.63 kg/m2 fuel loading tests were similar to the pine temperature

profiles in the middle row. The 0.98 kg/m2 fuel loading tests produced temperature profiles in

the top row similar to the pine temperature profiles in the top row found in the current study.

Stubbs et al. [14] found an average propagation rate of 0.44 cm/s in 0.98 kg/m2 fuel

loading tests compared to 0.52 cm/s found here. The propagation rates found by Stubbs et al.

are similar to those found in pine litter tests with higher fuel bulk densities and can be seen in
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Figure 4.29. This may suggest that pine litter has a higher minimum propagation rate asymptote

than oak or sweetgum litter.

Some results from the current study compare fairly well with the results from Stubbs et

al., however, there are a few notable differences, most of which are reasonably explained by

changes in the bulk density. Differences in fuel species are expected to contribute as well, but

comparisons between these two tests are insufficient to isolate these differences.

To gain further insight into the differences between the litters of individual species, the

study by Varner et al. [31] was reviewed. Varner et al. used the method originally developed

by Fonda et al. [27], which is also used in several studies that are discussed in the following

paragraphs. For these tests, 20 by 20 cm, 15 g samples were oven dried and placed on a 35 by

35 cm grid of eight strings soaked in xylene. In addition to performing several tests, Varner et

al. also reviewed and included the results of several other studies. In total, 50 species of tree

litter from several southern forest communities were studied. In particular, some species from

the coastal plains uplands community were included in the species tested in the current study.

Table 4.2: Comparison of the combustion fractions in the present study and in Varner et al. for
shared fuel species.

Fuel Species Present Study Varner et al.
P. palustris 0.87 0.92
Q. falcata 0.82 0.87

L. styraciflua 0.84 0.87

Table 4.3: Flame height, smolder time and fireline intensity results in Varner et al. for shared
fuel species.

Fuel Species Flame Height Smolder Time Fireline Intensity
P. palustris 86.8 cm 273.7 s 415 kW/m−2

Q. falcata 75.0 cm 399.8 s 302 kW/m−2

L. styraciflua 54.4 cm 288.6 s 151 kW/m−2
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The combustion fractions found in this study and in Varner et al. are shown in Table

4.2. The results between the two studies are similar; however, those found in Varner et al.

are slightly higher for each species. The difference between the combustion fractions is likely

due to differences in the test methods used. In the present study, ignition was achieved using

denatured alcohol along the width of one side of the test bed. This often leads to small pockets

of reduced combustion as a result of variations in the flame front propagation. In contrast,

Varner et al. used a grid of xylene-soaked strings that heated the entire fuel bed, preventing any

regions of reduced combustion.

Varner et al. also measured the height of the flame, the time of the smolder, and the

flame intensity of each species and are shown in Table 4.3. Although these measurements were

not directly measured in the present study, they are related to the findings of this study. The

flame heights found by Varner et al. for pine and sweetgum compare favorably with the flame

heights implied by the flame temperature profiles found in Figures 4.10, 4.13, and 4.16, with

pine producing significantly higher flame heights than sweetgum. However, Varner et al. found

that oak resulted in flame heights between those of pine and sweetgum, while in the present

study the flame height was observed to be close to that of sweetgum. Again, this is likely due

to differences between the test methods, since the xylene-soaked string grid may have had a

similar impact on oak as pine did in the current study.

Varner et al. found that the smolder times for P. palustris and L. styraciflua were close

to 280 s, while Q. falcata smolder for almost 400 s. Although the smolder time was not

directly measured in the present study, it is reflected in the time-averaged temperature figures

4.9 through 4.17, and the average fuel temperature figure 4.31. Assuming that the residual

temperatures displayed in these figures depend on the smoldering combustion of the test, the

smolder times found by Varner et al. compare favorably with those from this study.

The flame intensities found by Varner et al. corroborate the possibility that sweetgum

suppresses oak combustion. The results found in the current study suggest that the moisture

content and sweetgum suppress the combustion and propagation rate of oak; however, pine can

counteract these effects. Presumably, the xylene-soaked strings in the study by Varner et al.

could act similarly to pine in the current study, so the presence of moisture had less impact
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on oak combustion. In contrast, sweetgum produced significantly reduced flame intensities,

reinforcing the suggestion that it suppresses the propagation of oak combustion as a result of

reduced heat release along the leading edge of the flame front.

Despite direct comparisons between Varner et al. [31] and the current study being re-

stricted to the combustion fraction, several indirect comparisons can be made. In general,

the combustion fractions found in this study compare favorably with the combustion fractions

found by Varner et al. Additionally, several findings from this study show trends that would

be expected given the results found by Varner et al. [31]. Although the results of individual

species are indicative of potential relationships, tests including mixtures will also need to be

evaluated.

A particular study focusing on the mixtures of pyrophyte-mesophyte fuels was the study

by Kreye et al. [30]. Kreye et al. studied the burning characteristics and moisture retention of

fuel mixtures using the same method developed by Fonda et al. [27]. The mixtures used by

Kreye et al. used several species to represent both pyrophytes and mesophytes and included

tests with litter of 0%, 33%, 66% and 100% mesophyte litter. Kreye et al. tested dry, moderate

moisture, and high moisture tests by saturating tests and allowing them to dry for either 12 or

24 hours, respectively. The fuel mixtures used by Kreye et al. [30] compare favorably with

those used in the present study. The 100% mixed pyrophyte and 100% mixed mesophyte tests

of Kreye et al. can be compared to the oak and sweetgum tests of the current study, and the

66% mesophyte, 33% pyrophyte tests can be compared to the 70% sweetgum, 30% oak tests

in the present study.

Unlike the current study, Kreye et al. [30] was able to achieve consistent combustion for

increased moisture tests. Moisture retention was found to increase with the mesophyte content,

and the combustion fraction was found to decrease with the moisture content. The ability of

these tests to achieve combustion further suggests that the ignition method used reduces the

impact of the moisture content compared to a propagating flame front.

The comparison between the combustion fractions found by Kreye et al. and those of

the current study is shown in Table 4.4. The combustion fractions for oak / 0% mesophytes

compare favorably, as well as reflecting the combustion fraction found by Varner et al. [31].
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Table 4.4: Combustion fractions in the present study and in Kreye et al. for similar fuel mix-
tures.

Fuel Mixture Present Study Kreye et al.
Oak / 0% Mesophyte 0.82 0.88

70% Sweetgum / 66% Mesophyte 0.80 0.81
Sweetgum / 100% Mesophyte 0.84 0.76

However, as the mesophyte content increased, the differences between the combustion fraction

results also increased. The mesophyte mixture used by Kreye et al. consisted of 30% sweetgum

and differences in the combustion fraction may be due to the other constituent species of the

mesophyte mixture.

Table 4.5: Smolder time results in Kreye et al. for shared fuel species.

Fuel Mixture Smolder Time
0% Mesophyte 229 s

33% Mesophyte 276 s
66% Mesophyte 246 s

100% Mesophyte 217 s

The smolder time was also measured by Kreye et al. and was found to increase in the

tests with pyrophyte and mesophyte fuels present. In the current study, a similar trend can be

seen in the time-averaged temperature profile, particularly along the bottom row. Figure 4.11

displays the “clumped” temperatures along the bottom row and shows how the final measured

temperatures were highest in the moderate sweetgum content tests.

Although the results from thermogravimetric analysis cannot be directly compared with

the results of the current study, reviewing their findings can provide applicable information.

Two studies of interest that focused on the chemical kinetics of wildland fuel were those by

Bach et al. [23] and Yang et al. [18].

Bach et al. [23] studied the impacts of wet torrefaction on the combustion kinetics of

Norway spruce (Picea abies) and an unspecified birch wood using thermogravimetric analysis.

Thermogravimetric analysis was carried out with 0.5 mg fuel samples that were ground into fine

powder and filtered through a 90 µm sieve. Before each test, the samples were heated to 105 ◦C

for 1 hour to dry. During the tests, the samples were heated to 700 ◦C with a constant heating

rate of 10 ◦C per minute and supplied with 80 ml/min of air flow.
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(a) (b)

Figure 4.49: The modeled conversion rate of each of the three lignocellulosic components over
a temperature range found by Bach et al.

Although the focus of this study is not particularly relevant to the current study; it does

provide a good example of the combustion process through which forest fuels are burned.

Bach et al. states that the combustion of lignocellulosic biomass, such as leaf litter, undergoes

three stages; drying, devolatilization, and char production. Lignocelluosic biomass consists

of hemicellulose, cellulose, and lignin, each of which demonstrate different behaviors during

pyrolysis. Using thermogravimetric analysis, Bach et al. identified the degradation ranges for

each of these components and showed their respective mass loss profiles. Hemicellulose was

shown to be the most reactive of the three components and was degraded between 200 and 300

◦C. Cellulose degraded from 325 to 375 ◦C. The degradation of lignin occurred over the widest

temperature range, specifically 250 to 500 ◦C. The mass loss due to char was found to begin

near 350 ◦C and complete near 500 ◦C. Although these ranges were shown as typical ranges,

the exact properties of each of the three lignocellulosic components are slightly different within

each species. The modeled conversion rate of each of the three lignocellulosic components over

a temperature range (in Celsius) is shown in Figure 4.49.

In Yang et al. [18]. the pyrolysis characteristics of powdered hemicellulose, cellulose, and

lignin were studied using thermogravimetric analysis and differential scanning calorimetry.
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The fuel samples were approximately 10 mg, with particle sizes of approximately 50 µm for

cellulose and lignin and approximately 100 µm for hemicellulose. During the tests, the samples

were heated to 900 ◦C at a constant rate of 10 ◦ C/min and then kept at 900 ◦C for 3 minutes.

Pure nitrogen supplied at 120 ml/min was used for the atmosphere in these tests. The heat

release profile for each lignocellulosic component over a temperature range found by Yang et

al. is shown in Figure 4.50.

Figure 4.50: The heat release profile for each lignocellulosic component over a temperature
range.

Hemicellulose was found to rapidly start decomposition, with weight loss occurring pri-

marily between 220 and 315 ◦C. The maximum hemicellulose mass loss rate was 0.95 wt.% / ◦C

and occurred at 268 ◦C. After testing, approximately 20% of the hemicellulose mass remained

as solid residue. Cellulose pyrolysis occurred between 315 and 400 ◦ C, with a maximum mass

loss rate of 2.84 wt.% / ◦C at 355 ◦C. After 400 ◦C most cellulose pyrolysis had occurred with

only 6.5% of the mass remaining. Lignin slowly decomposed over the entire temperature range

with a mass loss rate less than 0.14 wt.% / ◦C. Furthermore, lignin had the highest residual

mass after testing, with approximately 45.7% remaining.

When temperatures were below 200 ◦C, all three components were endothermic, although

to a lesser extent for cellulose. Lignin became exothermic at approximately 175 ◦C and re-

mained exothermic until 500 ◦C, with a peak at 365 ◦C. Hemicellulose became exothermic at
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approximately 200 ◦C and continued to be exothermic until 500 ◦C, with a peak at approxi-

mately 275 ◦C. Cellulose was extremely endothermic in a short range centered around 355 ◦C.

Yang et al. attributed the peaks of the three lignocellulosic components to their pyrolysis. Once

the temperature exceeded 500 ◦C, hemicellulose and lignin became endothermic. In contrast,

cellulose became increasingly exothermic at temperatures above 400 ◦C.

Table 4.6: Component composition for each fuel

Fuel Lignin Cellulose Hemicellulose Carbon Nitrogen
Pine 20.3% 29.1% 10.9 % 50% 0.4%
Oak 16% 15.7% 10.3% 49.4% 0.7%

Sweetgum 11.1% 12.5% 5.8% 45.1% 0.8%

So that the findings of Bach et al. [23] and Yang et al. [18] can be applied to the current

study, the hemicellulose, cellulose, lignin, nitrogen and carbon for each of the fuels used in

the current study are shown in Table 4.6. These values were found as part of another ongo-

ing study at sites in north Florida (H. Alexander, unpublished data). The percentage of lignin,

cellulose and hemicellulose was determined after digestion in 72% sulfuric acid for 3 hours at

ambient temperature in an ANKOM Daisy Incubator (ANKOM Technology, Macedon, NY).

Percent carbon and nitrogen was determined by combustion using a CN928 Macro Determina-

tor (LECO Corporation, Saint Joseph, MI). All chemical analyzes were performed at the Dairy

One Forage Testing Laboratory (Ithaca, NY). Also, it should be noted that in Table 4.6 the sum

of the pine components exceeds 100%, this is because some of the carbon content exists within

the lignocellulosic components. In contrast, the components for oak and sweetgum do not add

up to 100%; this is because other trace components exist but are not included in Table 4.6.

Other studies focused directly on how the chemical composition and morphology of the

fuel impact the burning characteristics of leaf litter. Grootemaat et al. (2015) and Grootemaat

et al. (2017) focused on how the morphology and chemical composition of the fuel impacted

both the flammability and the decomposability of different species [34, 41]. Although decom-

posability is not relevant to the current study, the findings related to flammability are. The

specific leaf area, which is the one-sided leaf area dived by its mass, was found to decrease the

time to ignition and the maximum flame temperature, while increasing the spread rate [34, 41].
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In Grootemaat et al. (2015) lignin was found to have little impact on measured flammability

traits, but Grootemaat et al. (2017) found that lignin increased fuel consumption [34, 41].

Willis et al. conducted field tests using leaf litter, fruits and cones [45]. In addition to

measuring the effects of fruits and cones within the fuel bed, Willis et al. measured the nitrogen,

carbon, and lignin content of the fuel species. Both lignin and carbon were found to increase

fuel consumption and flame height, while nitrogen had inverse effects.

In general, the burning characteristics seen in the current study reflect many of the ob-

served properties attributed to the chemical composition and morphology of the fuel. Pine had

high amounts of hemicellulose and lignin, which would correspond to higher heat requirements

for combustion, but also higher quantities of early heat release. This reflects the findings of the

current study, as this would cause humidity and moisture to have a reduced impact on the propa-

gation of the flame front. Unlike pine, reduced concentrations of lignocellulosic components in

oak and sweetgum would lead to reduced heat release during combustion, especially in sweet-

gum. Also, while not measured, the specific surface areas of the oak and sweetgum leaves are

clearly higher than those of the pine needles. Given that the specific surface area was found

to decrease the time to ignition, it is likely that oak and sweetgum are able to achieve higher

propagation rates than pine under ideal circumstances [34]. This was seen in some oak tests,

specifically during low humidity tests. Overall, heat release probably peaked during the early

stages of hemicellulose pyrolysis and combustion, whereas the peak mass loss likely occurred

during cellulose pyrolysis.

Lignin was also shown to ignite first but progress through combustion slowly. Slow lignin

combustion and reduced lignin content within oak supports the possibility that oak propagation

is suppressed by moisture content. In the presence of low humidity, oak is able to be heated

quickly enough so that hemicellulose combustion is near the flame front and has a greater

contribution to propagation. However, humidity may increase the heat required to achieve

ignition to the point that hemicellulose combustion is delayed and lignin combustion drives

propagation. Sweetgum had the lowest lignin and hemicellulose content, which limited its

overall flammability. Although oak propagation was conditionally driven by lignin combustion,
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sweetgum propagation may always be driven by it. This reflects the consistent propagation rates

found for sweetgum litter in the current study.

The results of the current study generally compare well with the results of previous studies

for results that can be directly compared. The differences found between the results of the

present study and previous studies are within expectations given the variations in experimental

methods and fuel species. Although several fuel species can be categorized as mesophytes or

pyrophytes, there are still significant differences between species within each group and are

shown in the results of Varner et al. [31]. This variance between groups indicates that the

interactions between mesophytes and pyrophytes will also vary with the constituent species.

This variance is likely to be reflected in the differences in the distribution of the lignocellulosic

components, although additional tests will be needed to confirm this. Furthermore, the findings

of the current study are supported by the results of Bach et al. [23] and Yang et al. [18].

Although direct comparisons can not be made between these studies and the present one, the

burning characteristics found are within expectations given the attributes of the lignocellulosic

components found by Bach et al. and Yang et al.
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Chapter 5

Discussion

The aim of this study is to investigate the relationship between sweetgum content and combus-

tion characteristics within mixed litter fuel beds. This chapter expands on the observations and

discussions from the previous chapter.

Of the three fuel species tested, pine had the highest median values for both the mass

loss rate and the propagation rate. This is probably due to early combustion of lignin and

hemicellulose in quick succession. This allows the heat released from the combustion of the

hemicellulose to contribute to the propagation of the flame front. Additionally, the high con-

centration of heat release near the leading edge of the flame front allows pine to overcome the

higher heat requirements for propagation caused by factors such as increased moisture content.

Pine also had the highest median combustion fraction of the single fuel groups. This

was probably due to its increased heat release that allowed for a more consistent combustion

completion. This is also reflected in the wet pine tests, as increased heat release would be

necessary to overcome moisture, which had little impact on the combustion fraction.

Again, pine had the highest maximum temperature along the bottom row for the single

species tests. The temperature was reduced in the presence of increased moisture, but was still

above the values for oak and sweetgum. This was probably caused by a thin flame front, which

would lead to a high concentration of heat release and therefore to a high temperature. This is

also reflected in the bottom row temperature profile, where the pine had a narrower temperature

peak than the other species. Moisture did cause the temperature profile to broaden, but this was

likely caused by variations in the moisture content that affected the propagation rate.
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As the height above the fuel bed increased, the maximum temperature of the pine remained

the highest of the single fuel groups. Furthermore, the margin by which the temperature of pine

was greater than oak and sweetgum also increased. This indicates that pine produced a higher

flame front than those species, as the flame height has a greater effect on the temperature mea-

surements as the thermocouple height increases. The temperature profile also became sharper

as the height increased, reflecting this trend. This supports the claim that pine had a thin flame

front, as a higher concentration of heat release and mass loss would increase the flame height.

Moisture decreased the temperature along the middle and top rows more than it did along the

bottom row, suggesting that the region of mass loss concentration was widened by moisture,

while the heat release region was less affected.

Oak was found to have bimodal values for both the mass loss rate and the propagation

rate. This was probably caused by ambient humidity, since all rapid burning oak tests oc-

curred during periods of low humidity. This suggests that oak has a lower heat requirement

for propagation, as small increases in moisture would have a proportionally greater impact on

the propagation rate. This is also supported by the fact that the specific surface area of oak is

higher than that of pine, which would allow for potentially higher propagation rates. During

low humidity, the combustion of oak hemicellulose would rapidly ignite lignin and hemicel-

lulose ahead of the flame front. During high humidity, the increase in heat required to warm

the fuel ahead of the flame front would cause the distance between the combustion of lignin

and hemicellulose to increase. This in turn caused hemicellulose combustion to have a reduced

impact on the propagation rate.

The median combustion fraction found for oak was 95% that found for pine and was the

lowest of the three fuel species. However, unlike the mass loss rate and propagation rate, the

combustion fraction was not found to be bimodal. Like wet pine, this shows that while moisture

reduces the propagation rate of the fuel, it does not inherently reduce its ability to complete

combustion. In general, the reduced combustion fraction seen in oak litter is probably caused

by inconsistencies in combustion as a result of reduced net heat release.
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Oak also had the lowest bottom row temperature of the single fuel groups, at 93% that of

pine. Like its combustion fraction, the bottom row temperature was not bimodal. The temper-

ature profile along the bottom row had a much lower peak temperature with a gradual increase

in temperature. This suggests that oak has a relatively broad flame front, as a wider flame front

would reduce the concentration of heat release. This is also reflected by the gradual increase in

temperature, as the region of peak combustion would be slightly further from the leading edge

of the flame front. Behind the temperature peak, the temperature slowly decreased with an

extended region of increased residual temperatures. This indicates extended char combustion,

which produces continuous heat release. Given the increase in the amount of cellulose in oak,

this is within reasonable expectations.

Along the middle row of thermocouples, oak produced temperatures above that of wet

pine. In addition, the temperature peak for the oak was sharp along the middle row. Both

suggest that the region of increased mass loss concentration was smaller than the overall width

of the flame front. This is because a thin region of increased mass loss would result in a thin

region of increased flame height within a broad region of combustion. However, along the

middle row, the temperature of the oak was again below that of the wet pine. Despite this,

some low humidity oak tests did produce top row temperatures near those oak produced along

the middle row. Along the top row, the temperature peak became much lower and rounded,

but had an increased 95% confidence interval with a positive skew near the peak. These results

suggest that, while the region of increased mass loss is thin, the flame height was only high

enough to reach the top row when the mass loss rate was sufficiently high. The broad region of

combustion seen along the bottom row is probably caused by the moderate lignin found in oak.

In contrast, the thin region of increased flame height probably corresponds to hemicellulose

and cellulose pyrolysis.

Sweetgum had the lowest median mass loss rate of the single fuel groups. In addition,

within the single fuel groups, the sweetgum propagation rate was only higher than that of wet

pine. In high humidity oak tests, it was suggested that hemicellulose combustion had a reduced

impact on the propagation of the flame front. The propagation of sweetgum probably behaved

similarly; however, the low hemicellulose content within the sweetgum would cause this to
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occur consistently. This is reflected in the lower median mass loss and propagation rates found

for sweetgum, as well as the sweetgum not having high modes for these measurements. This

behavior would also be made more consistent by the high heat requirement for propagation as

a result of the lignin content in sweetgum.

Sweetgum had a higher median combustion fraction value than oak, but less than dry and

wet pine. Like oak, this was likely a result of the reduction net heat release.

Like with the combustion fraction, the bottom row temperature of sweetgum was above

that found for oak, but below those found for dry and wet pine. The temperature rise was grad-

ual, leading to a broad and flat peak. The temperature profile likely resulted from the lignin

content within the sweetgum. The slow propagation rate would cause the temperature to grad-

ually increase. Lignin combustion begins before hemicellulose but peaks after hemicellulose

does. Given that hemicellulose typically produces a higher mass loss and heat release rate at

its peak, the flat temperature profile likely reflects the transition from hemicellulose to lignin,

producing an even distribution of combustion.

The relative temperature along the middle row dropped moderately for sweetgum. Al-

though the peak temperature profile became thinner, it remained flat, in contrast to the sharp

temperature peaks seen in pine and oak. This supports the broadened flame front and evenly

distributed combustion proposed from the bottom row temperature results. An even distribu-

tion of combustion would cause both the flame front and the region of increased flame height

to broaden, rather than just the flame front. Like oak, the temperature of the top row fell further

for sweetgum. The temperature profile at this height was also similar to that found for oak, ex-

cept that the temperature was slightly lower as it rose and higher as it fell. This was most likely

caused by the hemicellulose peak occurring earlier in the flame front than that of the lignin.

Given the increased hemicellulose content in oak and the relatively increased lignin content in

sweetgum, their temperature profiles mirror this.

In mixed fuel groups, the results indicated several categories of behavior caused by mois-

ture and sweetgum content. The results within each mixed fuel group were often less consistent

than those found in the single fuel groups. Principal component analysis was conducted to re-

duce the relevant variables to better distinguish how the burning characteristics change within
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each mixed fuel group. During principal component analysis, four significant principal com-

ponents were identified. The first principal component described most of the variance within

the results and was associated with the overall flammability. The second principal component

was associated with the heat release used for combustion completion as opposed to combus-

tion temperature. Positive values of the second component indicate that a greater proportion

of the heat released is used to drive combustion, whereas negative values indicate that more

heat is used for temperature. The third principal component was attributed to the distribution

of heat release across the flame front. Positive values reflected heat released behind the leading

edge of the flame front, increasing the combustion fraction and temperature. Negative values

corresponded to more heat being released near the leading edge of the flame front. The fourth

principal component was indicative of the height of the flame. However, since temperature

measurements were taken at distinct intervals, as opposed to continuously with height, this

component is likely flawed.

From the results of this and previous studies, it is suspected that the variations within each

mixed fuel group are primarily determined by the cellulose, hemicellulose, lignin, and moisture

content of the species. In addition, fuel combustion can be described in seven phases, with each

component showing different behaviors in each phase.

The first phase of combustion is the drying and preheating phase. During this phase,

all three lignocellulosic components are endothermic. Although all three components are en-

dothermic, cellulose is the least endothermic, while lignin is slightly more endothermic than

hemicellulose. This phase directly impacts the propagation rate of the fuel, as it determines

the heat required for combustion. This is also the phase in which moisture has the greatest

impact as it also increases the heat requirement for combustion. For example, pine likely has

a high heat requirement for propagation, which is reflected in its high hemicellulose and lignin

content.

The second phase is characterized by early combustion of lignin with little impact from

cellulose and hemicellulose. This phase occurs immediately after the fuel is preheated and

concludes when hemicellulose combustion begins. This phase directly impacts propagation, as

this phase occurs along the leading edge of the flame front. Although oak still has a moderate
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lignin content, its content is lower than that of pine. The reduced lignin content in oak would

also reduce the heat release along the leading edge of the flame front, which contributes to

oak’s sensitivity to moisture content. Pine, on the other hand, has the highest lignin content of

the three species, which also contributes to the proportionally reduced impact of moisture on

pine propagation.

In the third phase, hemicellulose ignites rapidly and the combustion of lignin gradually in-

creases. In slow burning fires, propagation is driven by initial lignin combustion, while in rapid

fires, phases two and three occur almost simultaneously and both drive propagation. Whether

or not the third phase of combustion contributes to propagation is likely a large factor in the

value of the first principal component. Pine has the highest hemicellulose content of the species

tested, and in conjunction with its lignin content, the third phase of pine combustion consis-

tently impacts the propagation rate. Since sweetgum has a low hemicellulose and lignin con-

tent, its third phase of combustion does not affect propagation. The bimodal results displayed

by oak probably reflect whether or not the third phase contributed to the flame front propaga-

tion.

The fourth phase is distinguished by endothermic cellulose pyrolysis, whereas hemicellu-

lose combustion decreases rapidly and lignin combustion peaks slightly after cellulose pyrol-

ysis. When cellulose has a decreased presence, this phase is overall exothermic and is used

to further complete combustion. However, an increase in the cellulose content can cause this

phase to serve as a potential barrier to further combustion if there is not sufficient heat release

during previous phases.

Phase five occurs once the cellulose pyrolysis has been completed, and here all three com-

ponents are mildly exothermic. This phase has a relatively small impact on the combustion

behavior and serves primarily as the final phase of flaming combustion.

During the sixth phase, hemicellulose and lignin become endothermic as they approach

complete combustion, and cellulose combustion is negligible. This phase can also serve as

a barrier to cellulose charring if there is insufficient heat to adequately raise the temperature.

For oak and sweetgum, this phase can often serve as a barrier to cellulose charring, leading
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to reduced combustion fractions. This phase is more endothermic for pine than for oak and

sweetgum, but less impactful since pine has greater net heat release.

The final phase is characterized by char combustion, where cellulose becomes increasingly

exothermic while hemicellulose and lignin become increasingly endothermic. Although this

phase is generally exothermic, the temperatures required to complete combustion are relatively

high, so complete combustion is not always achieved. When oak and sweetgum complete phase

six, the temperature reached during this phase dictates the combustion fraction achieved due to

charring.

In mixed fuel beds, the results indicate that the species interact through their emission and

absorption of heat; however, each species progresses through its combustion phases separately

from the other species. The order in which the phases of each species are initiated determines

the overall burning characteristics. To better identify changes in the flame front behavior, clus-

ter analysis was used.

Figure 5.1: Progression of a staggered flame front. Dashed arrows denote order of phase pro-
gression. Solid arrows denote primary source of heat for endothermic phase completion.
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Mixed tests with little or no sweetgum and low humidity potentially created “staggered”

flame fronts. In these tests, oak achieves ignition before pine due to its higher specific surface

area. Once the oak has ignited, it ignites the surrounding pine sooner than the pine would

otherwise burn. Because pine has high values of lignin and hemicellulose content, it produces

enough heat to dry, preheat, and ignite oak ahead of the flame front, even in the presence of

moderate humidity. This corresponds to oak completing phases one through three before pine,

with the second phase of pine occurring near to the third phase of oak, leading to a staggered

flame front. This behavior is also shown in Figure 5.1. As a result, this cluster was the most

flammable, which is reflected in its increased PC1 values. This also causes low values for

the third principal component, as the staggered flame front causes more heat release to occur

“ahead” of the flame front. Several pine tests with fuel specific volumes above average were

also included in this cluster. These tests likely did not display a staggered flame front, but

displayed increased flammability as a result of their fuel specific volume.

Another characteristic of staggered flame fronts is that oak phase four, which includes its

cellulose pyrolysis and peak mass loss concentration, occurs during pine phase three, which is

the pine’s phase of peak heat release. This causes oak cellulose pyrolysis to occur much more

rapidly than it typically would, which is reflected in the increased flame heights indicated by

the results. The overall combustion fraction and temperature are similar to those of pine, so the

values of the second principal component are similar to those found in pine.

Figure 5.2: Progression of a thin flame front. Dashed arrows denote order of phase progression.
Solid arrows denote primary source of heat for endothermic phase completion.

Once the sweetgum or moisture content has increased to the point that pine can no longer

ignite oak early, the burn transitions to a “thin” flame front. This begins to occur with the
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presence of any sweetgum, but becomes consistent near 30% sweetgum content. Here, the

combustion phases for pine and oak begin to occur simultaneously. Although this leads to a

reduction in flammability, the first three phases still occur rapidly, such that early combustion

of lignin and hemicellulose contributes to flame front propagation. This leads to a reduction

in the values of the first principal components, but they are still relatively high. Figure 5.2

displays the phase progression of a thin flame front.

The changes in the flame front geometry from a staggered to a thin flame front also prevent

oak cellulose pyrolysis from occurring during peak pine hemicellulose combustion. This leads

to the drop in flame height implied by the results. However, this also means that the peak heat

release phases of oak and pine align, leading to the increase in combustion temperature found.

This causes a drop in the values of the second principal component. Once the flame front is

no longer staggered, the heat release concentration near the center of the flame front increases,

leading to the increased PC3 values seen in this cluster.

Figure 5.3: Progression of a rounded flame front. Dashed arrows denote order of phase pro-
gression. Solid arrows denote primary source of heat for endothermic phase completion.

Increasing the sweetgum content further, typically around 30% to 50% sweetgum content,

the flame front transitions to a “rounded” profile. Here, hemicellulose ignition still contributes

to propagation; however, progression through phase three is slower than that in a thin flame

front. This reduces the concentration of heat release within the center of the flame front. Figure

5.3 depicts the phase progression of a rounded flame front. Although this decreases the height

and temperature of the flame, it allows heat to be applied more efficiently to the completion of
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the combustion. Although the propagation rate is not significantly different from those seen in

thin flame fronts, the overall flammability is reduced because of sharp drops in the temperature

measurements. The values for the second principal component also increase as heat is applied

more efficiently to combustion completion. In contrast, the third principal components decrease

as a result of the reduced concentration of heat release.

Figure 5.4: Progression of a flattened flame front. Dashed arrows denote order of phase pro-
gression. Solid arrows denote primary source of heat for endothermic phase completion. Empty
arrows denote inconsistent phase progression.

Once the sweetgum content exceeds 40%, the flame front profile begins to become “flat-

tened”. The distribution of heat release becomes more evenly distributed across the flame front.

The flame front also continues to broaden, causing hemicellulose to no longer contribute to the

flame front propagation and, as a result, to a sharp decrease in the propagation rate. Further-

more, the flame front becomes broad enough that the hemicellulose combustion has a reduced

impact on the cellulose pyrolysis. This also causes a sharp decrease in the combustion fraction

and values of the second and third principal components. Figure 5.4 shows the phase progres-

sion of a skewed flame front.

Typically around 50% to 70% sweetgum content, the flame front takes on a “skewed”

profile. Here, the cellulose content decreases and enough cellulose pyrolysis is again somewhat

consistent despite low levels of lignin and hemicellulose. While phase three hemicellulose

ignition has reduced impact on cellulose pyrolysis, hemicellulose and lignin pyrolysis during

phase four can complete cellulose pyrolysis. This interaction is shown in Figure ??. Although

it has a higher sweetgum content than flattened flame front tests, the first principal component
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Figure 5.5: Progression of a skewed flame front. Dashed arrows denote order of phase progres-
sion. Solid arrows denote primary source of heat for endothermic phase completion. Empty
arrows denote inconsistent phase progression.

is not significantly lower, due to the recovery of the combustion fraction. For the same reason,

the second principal component also increases.

The results show that the fuel species interact with each other to produce different flame

front profiles. In particular, pine and sweetgum were shown to have competing effects on oak.

Specifically, oak showed an increased sensitivity to moisture that was counteracted by pine and

exacerbated by sweetgum. The following conclusion sections summarize the findings of this

study.
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Chapter 6

Conclusion

This study presents valuable data on the burning characteristics of mixed fuels associated with

mesophication in the southern United States. The species used in this study included longleaf

pine, southern red oak, and sweetgum in both single-species fuel beds and mixed fuel beds. The

mixtures used consistently contained 30% oak litter by mass, while the pine and sweetgum litter

varied from 0% & 70% to 70% & 0% respectively in increments of 10%. These fuel species

and mixtures were selected because of the presence of these species in upland oak forests, and

during mesophication sweetgum typically supplants pine trees first. In addition, a small number

of tests included an increase in moisture content. The burning characteristics measured in this

study included the fuel mass loss rate, combustion fraction, flame temperature, and propagation

rate, and direct measurements were used in conjunction with principal component analysis and

cluster analysis. The fuel bed temperature was also explored in a select number of tests.

The measured burning characteristics are theorized to be described by seven phases of

combustion, with each of the three lignocellulosic components showing different characteristics

in each phase. In mixed fuel beds, species are theorized to interact through their emission and

absorption of heat; however, each species progresses through its combustion phases separately

from the other species. The order in which the phases of each species are initiated determines

the overall burning characteristics, which are reflected in the five flame front profiles seen in

this study.

The first phase of combustion is the drying and preheating of the fuel. Here, hemicellu-

lose and lignin are fairly endothermic, while cellulose is less endothermic. This phase directly
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impacts the propagation of the flame front, as it determines the heat required to achieve com-

bustion. The second phase is characterized by early combustion of lignin with little impact

of cellulose and hemicellulose. This phase occurs immediately after the fuel is preheated and

concludes when hemicellulose combustion begins. In the third phase, hemicellulose ignites

rapidly and the combustion of lignin gradually increases. The second and third phases drive the

propagation of the flame front, as their heat release is used to dry and preheat the fuel ahead of

the flame front. In slow burning fires, propagation is driven by initial lignin combustion, while

in rapid fires, phases two and three occur almost simultaneously and both drive propagation.

In the fourth phase, cellulose pyrolysis is exceedingly endothermic, while hemicellulose

combustion decreases, and peak lignin combustion occurs. This phase can be either exother-

mic or endothermic depending on the cellulose content and can potentially serve as a barrier to

complete combustion. Once the cellulose pyrolysis has been completed, phase five begins and

all three components are mildly exothermic. Phase six can also serve as a barrier to complete

combustion as hemicellulose and lignin become endothermic and cellulose combustion is neg-

ligible. In the final phase, cellulose becomes exothermic and becomes increasingly exothermic

as it chars, whereas hemicellulose and lignin become increasingly endothermic. Although this

phase is generally exothermic, the temperatures required to complete combustion are relatively

high, so complete combustion is not always achieved.

Mixed fuel tests with little sweetgum and or little humidity were theorized to create stag-

gered flame fronts. First, the heat released during the combustion of pine hemicellulose would

dry and heat the fuel ahead of the flame front. The preceding oak litter would then achieve

combustion before the pine litter because of its reduced heat requirement. Finally, early oak

combustion would ignite the surrounding pine litter earlier than it otherwise would. This caused

staggered flame fronts to be more flammable than pine. In addition, a staggered flame front

would cause oak cellulose pyrolysis to occur near the peak of pine hemicellulose combustion,

leading to greater flame heights.

Thin flame fronts were typically as flammable as pine. Like the staggered flame fronts,

enough heat was released during hemicellulose combustion to dry and preheat the preceding
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fuel; however, increased humidity or sweetgum content delayed oak combustion. This re-

sulted in the combustion phases of each fuel occurring near simultaneously. The flame height

decreased, while the combustion temperature increased. This is because during staggered com-

bustion, the peak mass loss of oak occurs with the peak mass loss and heat release of pine.

Within a thin flame front, the peak heat release of oak instead occurs with the peak mass loss

and heat release of pine.

As the sweetgum content increased to moderate mass fractions, the flame front became

rounded. Hemicellulose combustion peaked significantly behind the leading edge of the flame

front. Early hemicellulose combustion was still the primary heat source for propagation and

cellulose pyrolysis; however, it progressed slower, leading to lower temperatures and flame

heights. This caused a slower increase in temperature and wider regions of each combus-

tion phase. These flame front profiles were typically between pine and sweetgum in terms of

flammability.

Mixtures with moderately high sweetgum content began to flatten as the lignin and hemi-

cellulose content decreased. Hemicellulose now had a reduced impact on the propagation rate.

However, hemicellulose was also further from cellulose pyrolysis and had less contribution

to combustion completion. This led to tests with flat flame front profiles that sometimes did

not complete cellulose pyrolysis and, therefore, char. Tests with flat flame front profiles were

slightly less flammable than sweetgum and had much lower combustion fractions.

Finally, tests with the highest sweetgum content displayed skewed flame fronts, where

there was a great heat concentration toward the rear of the flame front. These tests were about

as flammable as flattened flame fronts but had higher combustion fractions. These mixtures had

the highest ratio of hemicellulose plus lignin to cellulose, which allowed for more consistent

completion of the cellulose pyrolysis.

The results found in this study provide insight into how mesophication alters the charac-

teristics of wildland fires. This can be used to help preserve oak landscapes in the southeastern

United States. Furthermore, these results highlight the possibility that the distribution of ligno-

cellulosic components within forest fuel beds acts as an underlying mechanism in mesophica-

tion. This study can also be used to guide future studies on this topic. In particular, tests that
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include a wider range of fuel species and moisture content would serve to expand on the flame

front profiles found within the current study. Although the current study experienced technical

limitations, optical diagnostics would also serve to further explore changes within flame front

geometry caused by variations in the distribution of lignocellulosic components.
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