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Abstract. Wildfire spread models that couple physical transport and chemical kinet-
ics sometimes simplify or neglect gas-phase pyrolysis product oxidation chemistry.

However, empirical evidence suggests that oxygen (O2) is available for gas-phase and
solid-phase combustion within the flaming reaction zone. This study addresses out-
standing questions of O2 availability by directly measuring O2 concentrations near
fuel surfaces within spreading fuel bed fires for the first time. Temporally and spa-

tially resolved O2 concentrations within laboratory fires were investigated using uni-
form fuel beds of medium density fiberboard (MDF) and cardboard (CB) combs at
various packing ratios (b) and angles. Minimum O2 concentration reached approxi-

mately 2–5 mol% for most fuel beds of higher b (> 0.010), while some fuel beds of
low b (£ 0.010) exhibited higher minimum O2 concentrations up to 8 mol%. Flame
rate of spread, residence time, and minimum O2 were found to vary with b and were

influenced by bed angle within a given b. Thermogravimetric analysis was used to
assess O2 availability impacts on flaming and smoldering fuel consumption rates.
Negligible impacts were observed for initially unburned fuels at ambient O2 concen-
trations of £ 10 mol%, but O2 availability had significant impacts on char oxidation

rates at all tested concentrations. A one-dimensional diffusion model of O2 availabil-
ity at char surfaces for near-particle O2 concentrations tested and measured in TGA
and fuel bed experiments revealed a strong dependence of O2 availability on mass

flux from the particle. The results of this work provide new insights regarding O2

availability and inert assumptions for fire spread models.
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1. Introduction

Wildland fire is a naturally occurring global phenomena that has been studied for
many decades, but which is still not fully understood [1–4]. Knowledge of the
physical and chemical fundamentals of fire behavior is necessary to predict rates
and directions of spread to support operational decision making and firefighter
safety, understand impacts of wildland fire on ecological environments for effec-
tive forest management and rehabilitation, and assess the influences of fire dynam-
ics on atmospheric processes and global climate [1, 3, 5–9]. This is a challenging
objective for the spatially and temporally variable, chaotic process that is wildfire
and which is further complicated by the heterogeneous weather, landscapes, and
fuels in which wildfires occur [1, 3, 10–13]. Due to this complexity and variability,
fire behavior and rate of spread (RoS) models must make significant simplifica-
tions and assumptions about fire kinetics and transport phenomena, and no cur-
rently available predictive models can provide all the necessary information for all
relevant situations. Some assumptions utilized in current models have been devel-
oped without experimental basis, but are now being re-examined as increased
computational power facilitates new model capabilities and improved experimental
methods and instrumentation enables sampling in previously inaccessible fire envi-
ronments [5, 8, 13, 14].

Current RoS models range from simple rules-of-thumb to computationally
expensive simulations. The simpler models are generally used to assist forest and
fire managers in making real-time decisions during fire events, while the more
complex computational models are not practical for aiding in operational decision
making but are being developed to help advance knowledge of the fundamental
processes that drive fire dynamics [2, 5, 9, 13, 15–18]. Of the six model categories
identified by Sullivan [5], only physical models consider the coupled fundamental
behavior of physical transport and chemical kinetics to predict fire directionality,
RoS, and combustion products. The aim of these physical models is to capture
coupled physics and chemistry such that critical fire behavior can be simulated
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and therefore predicted for a given set of initial and boundary conditions [5, 8, 13,
17]. Experimental validation of approximations in available physical models is
often limited [1–3, 5, 8, 14, 19–21].

The complexity of modelling wildland fuel combustion dynamics originates partly
from highly temperature sensitive chemistry during the thermal degradation and oxi-
dation of biomass fuels and partly because of the immense variation in fuel configura-
tions (e.g., particle sizes and packing density) [13, 22–24]. Oxidation of the gas-phase
volatiles produced during pyrolysis leads to flaming combustion, which occurs in a
thin flame region where the hot gases from pyrolysis mix with available ambient oxy-
gen (O2). Flaming combustion has been identified as the primary source of heat gener-
ation needed for sustained flame spread [3]. Heterogeneous solid-phase char oxidation
also occurs, often observed in the smoldering region behind the leading flame zone
and which significantly impacts quantities of generated combustion products, includ-
ing carbon dioxide (CO2) emissions and solid char deposits [1, 25–31]. Sullivan [1, 3]
and others [6–8, 69, 70] have identified that the reaction rates of homogeneous gas-
phase and heterogeneous solid-phase combustion differ by orders of magnitude. Thus,
while flaming and smoldering oxidation reactions can occur simultaneously within the
flaming reaction zone, much of the char oxidation occurs after the rapidly progressing
flame front has passed. Empirical data suggest that differences in O2 availability con-
tribute to different burning behaviors, such as in open and densely packed fuel beds
[24, 32–34]. Furthermore, the characterization of post-fire products has suggested that
the limited O2 present within the flaming zone significantly influences the physico-
chemical properties of fire-generated chars [7, 35–38].

Biomass thermal degradation and combustion chemistry is often neglected in
physical models or reduced to one- or two-step global reactions in the gas phase,
and involving only one or two gas-phase species [39–55]. Consequently, there is
presently a gap between advanced kinetics models developed for thermal fuel
degradation and the implementation of these kinetics models into physical models
[22, 23, 56–59]. Accurate knowledge of the O2 availability in wildland fuel beds
during fire spread could improve physical models significantly, as most mecha-
nisms currently employ inert assumptions despite the oxidative ambient conditions
in which wildfires occur [3, 20, 34, 60]. These inert assumptions are based on
advection of product gases away from fuel surfaces and consumption of available
O2 during oxidation of gaseous pyrolysis products, leading to limited O2 availabil-
ity at fuel surfaces [3, 24, 34, 35, 61]. Only two physical fire spread models cur-
rently consider any oxidation kinetics: FIRETEC, a coupled multiphase transport
wildland fire model developed by Los Alamos National Laboratory (USA), and
IUSTI, a multiphase reactive and radiative model using a heterogeneous com-
bustible medium developed by Institut Universitaire des Systèmes Thermiqes
Industriels (France). Even so, FIRETEC and IUSTI only investigate oxidation in
the gas phase using simple global reaction pathways and a few chemical species
[5]. Solid-phase oxidation of the char is not considered even though coarse fuels
can contribute significantly to total fuel consumption through this mechanism.

To date, there has been little experimental quantification of O2 concentrations
in fuel bed fires, or assessment of the role of O2 availability on burning rates of
wildland fuels within the flaming and smoldering reaction zones during fire
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spread. There has been extensive research into the influence of variable ambient
O2 concentrations on pyrolysis and gas-phase oxidation of biomass during heating
and burning [10, 56, 58, 59, 62–65], but few direct measurements of O2 concentra-
tions at fuel surfaces during fire spread have been reported. Korobeinichev et al.
[14] used a microprobe coupled to a mass spectrometer to measure O2 concentra-
tion profiles in downward flame spread along a single vertical pine needle and
observed minimum O2 concentrations of approximately 2 to 5 mol% when the
microprobe was positioned 1 to 2 mm from the pine needle. The microprobe mass
spectrometry method was further utilized by Joshi et al. [66] to measure the O2

concentration distribution in downward flame spread through multiple parallel
fuel sheets, where similar minimum O2 concentrations within the flame were
observed, and results were used to develop a flame spread model in OpenFOAM.
Shotorban et al. [67] used an oxidative pyrolysis model, FDS-Gpyro3D, to simu-
late the O2 concentration at the surface of a single isolated burning leaf and
showed minimum concentrations of 0–5 mol%. The FDS-Gpyro3D model utilized
in [67] was developed using experimental data reported by Pickett et al. [68].
However, Pickett et al. [68] did not directly measure O2 concentrations at leaf sur-
faces and, thus, the O2 concentrations at the fuel surface simulated in [67] have
not been experimentally validated. These limited results indicate that O2 is not
completely depleted at fuel surfaces during flaming combustion, as is often
assumed.

The present study addresses unexplored questions of O2 availability inside fuel
beds in spreading fires and assesses the impacts of O2 on flaming and smoldering
burning behavior and resulting fuel consumption. Time-resolved O2 concentra-
tions within spreading fires were directly measured for fuel beds composed of
medium density fiberboard (MDF) and cardboard (CB) combs, using uniformly
packed fuel beds at various packing ratios and slope angles. The measured O2

concentration profiles were transformed into a reference frame of position relative
to the O2 probe location within the bed in order to identify extent and duration of
O2 depletion within three reaction zones: the pyrolysis region ahead of the flame,
the flame zone, and the smolder region behind the flame. Further investigation
was performed using thermogravimetric analysis (TGA) to assess the impacts of
O2 availability on flaming and smoldering oxidation rates of MDF and CB fuels
at ambient O2 concentrations measured in the spreading fires of this study. Lastly,
a one-dimensional (1D) mass transport model was used to estimate O2 concentra-
tions at char fuel surfaces based on near-particle O2 availability. The results of
this work provide novel data and insights regarding fuel consumption during
spreading fires and the appropriateness of O2 availability assumptions used in
physical fire spread models.

2. Materials and Methods

2.1. Experimental Apparatus and Fuels

Measurement of O2 concentrations within fuel beds was performed in spreading
fires using the Missoula Fire Sciences Laboratory (MFSL) tilting fuel bed appara-

Fire Technology 2023



Figure 1. (a) Medium density fiberboard (MDF) and cardboard (CB)
comb types investigated in this study. The CB combs included small
tine (ST) and large tine (LT) varieties. Tines are indicated at the top of
(a). The MDF comb tine depth was 2.9 mm and all CB comb tine depths
were 1.4 mm. The tine widths, heights, and gap spacing of each comb
type are identified. The fuel combs were packed into the Missoula
Fire Sciences Laboratory (MFSL) tilting fuel bed apparatus, shown in
(b) viewed from the top and (c) illustrated from an oblique
perspective, and combs were separated by cement board insulation
spacers. Pyrolysis, flaming, and smoldering regions are indicated. The
location of the O2 probe within the fuel bed is identified, and ignition
is initiated from the left side of the bed as situated in (b), such that
fire spread was from left to right. The bed angle from horizontal is
indicated in (c).
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tus with bed dimensions of approximately 0.5 m and 1.6 m in width and length,
respectively. Medium density fiberboard (MDF) and cardboard (CB) fuels of dif-
ferent sizes were investigated over a range of bed packing ratios (b), defined as the
fraction of bed volume filled with fuel, and angles from horizontal. The MDF and
CB had densities of 720 and 600 kg/m3, respectively. The fuels were laser cut
using a commercial CO2 laser system to resemble vertically oriented fuel particles
in a wildland environment, with a solid spine supporting multiple individual tines,
similar in shape to large combs (Fig. 1a). The fuel combs were packed into the
MFSL tilting fuel bed by inserting the spine of the comb into the bed such that
only the tines were exposed above the bed surface [20, 71].

Five fuel comb types of different sizes were utilized in this study and are illus-
trated in Fig. 1a. All investigated tine sizes can be classified as 1-h fuels [24]. One
MDF comb type was investigated and had tine dimensions of 50, 2.9, and 3.2 mm
for the height, depth, and width of each tine, respectively, and with a gap width
of 13 mm between each tine. This MDF comb type is hereafter referred to as
MDF (50 mm). Four CB comb types with different tine sizes and gap spacing
were investigated, and these are coarsely categorized as two small tine (ST) CB
comb types and two large tine (LT) CB comb types. The two CB ST comb types
had tine heights of 50 and 100 mm, referred to as CB ST (50 mm) and CB ST
(100 mm), respectively, and the two CB LT comb types had tine heights of 50 and
150 mm, referred to as CB LT (50 mm) and CB LT (150 mm), respectively. Tine
widths and gap spacing for each of the four CB comb types can be viewed in
Fig. 1a. All CB comb types had the same tine depth of 1.4 mm.

Fuel bed packing was done by inserting MDF and CB combs at predetermined
positions along the axial length of the bed, and between 6.4 mm-wide spacers of
insulating cement board material. The location of the O2 probe within the fuel
bed and important flame features are identified in Fig. 1b and discussed in further
detail in Sects. 2.2 and 2.3, respectively. Eight fuel bed densities were investigated
where combs were spaced with 18, 16, 14, 10, 8, 6, 4, or 2 cement board spacers
between each fuel comb such that combs were positioned every 114, 102, 88.9,
63.5, 50.8, 38.1, 25.4, or 12.7 mm along the axial length of the bed, respectively.
The bed packing ratio (b) is determined for the specific packing of each fuel bed
test using Eq. 1, which is equivalent to the bulk density of the bed over the fuel
particle density,

b ¼ V p

V pþg
¼ wp � hp � tp

wp þ wg
� �

� hp � tp þ tg
� � ð1Þ

and where V p is the volume of a single comb tine particle and V pþg is the volume
of a single tine particle and the gap volume between that tine and the next. The
calculation of these volumes is also shown in Eq. 1 in terms of the particle and
gap widths perpendicular to the direction of spread, wp and wg respectively, the

particle and gap depth in the direction of spread, tp and tg respectively, and the

height of the fuel particle, hp, which is identical to the height of the gap.
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Once the bed was packed with fuel combs at the predetermined b, the bed was
tilted and locked into place at 20, 25, 30, 35, or 40� from the horizontal. The
naming convention of each fuel comb type, packing, and angle is as follows:
‘‘Fuel Type’’_‘‘Tine Type(Tine Height)’’_‘‘Number of Insulating Spac-
ers’’i_‘‘Angle’’. For example, a bed packed with CB LT(50 mm) combs, packed
between 8 insulating spacers each, and angled to 30� is indicated as
CB_LT(50 mm)_8i_30�. The test matrix of all fuels, packing, and bed angles
investigated in this work is provided in Supplementary Information using the
described nomenclature. Not all combinations of packing density, bed angle, and
fuel comb type were tested due to a lack of flame spread under some parameter
combinations, where a lack of flame spread was identified as the inability of the
flame to propagate the entire length of the bed. Once a set of bed parameters was
identified as unable to spread reliably, it was eliminated from further investigation
and not included in this study. The bed packing combinations that failed to
spread were primarily those with the lowest packing ratios (b £ 0.010) at shallow
angles (< 25�). Increasing the bed angle was needed for such low packing ratio
fuel beds to overcome the significant gaps between fuel layers that inhibited flame
spread. All MDF and CB fuels were conditioned in the ambient environment such
that they had a moisture content (MC) of approximately 3–8 wt% prior to burn-
ing in all testing scenarios except one set of tests using CB LT(50 mm) condi-
tioned to 15–20 wt% MC, denoted as WET_CB_LT(50 mm)_4i_40�.

Additional unique fuel bed configurations were explored to broaden the values
of b investigated and evaluate the generality of the results using homogenous fuel
beds. First, CB LT(50 mm) combs were stacked in duplicate and triplicate, refer-
red to as CB_LT(50 mm)_4i_30�_dup and CB_LT(50 mm)_4i_30�_trip, respec-
tively. The CB_LT(50 mm)_4i_30�_dup and CB_LT(50 mm)_4i_30�_trip combs
were placed between cement board spacers and aligned within each packing loca-
tion such that the comb tines were stacked in the direction of fire spread, simulat-
ing CB LT(50 mm) combs with tines of larger depths. Additionally, one triplicate-
stacked case, denoted as CB_LT(50 mm)_4i_30�_trip_sheet, was explored where
the comb tines were offset to occlude lateral spaces such that the stacked tines
resembled a solid sheet of CB LT(50 mm) fuel as viewed in the direction of
spread. Illustrations of front and side views of the CB LT(50 mm) stacked in trip-
licate, and in both aligned and sheet configurations, are provided in Supplemen-
tary Information (Fig. S1).

Second, three unique test cases of mixed fuel beds at a bed angle of 25� were
investigated by alternating MDF(50 mm) and CB ST(50 mm) combs in the fol-
lowing ways, and with two insulation spacers between each comb: (1) one CB
ST(50 mm) comb between each instance of MDF, referred to as
AltMDF&1CB_ST(50 mm)_2i_25�, (2) two CB ST(50 mm) combs between each
instance of MDF, referred to as AltMDF&2CB_ST(50 mm)_2i_25�, and (3) three
CB ST(50 mm) combs between each instance of MDF, referred to as
AltMDF&3CB_ST(50 mm)_2i_25�. The AltMDF&2CB_ST(50 mm)_2i configura-
tion is illustrated in Supplementary Information (Fig. S1) as a visual example of
these mixed bed configurations. In total, 34 bed configurations of fuel type, pack-
ing, and angle were tested (Table 1). Each test configuration was repeated at least
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twice for statistical analysis, except for some unique bed or high fuel load cases
that were tested once due to fuel availability limitations or to avoid damage to the
O2 analyzers.

Initial results suggested that the flaming and smoldering characteristics, and
thus the extent and duration of O2 depletion, depended highly on b, which has
been previously theorized to influence airflow to the burning zone during fire
spread [72, 73]. Several categories of similar b were identified and grouped, as out-
lined in Table 1, and values of investigated b ranged from 0.004 to 0.070. Fuel
beds with b less than 0.04 were not included in this study due to lack of flame
spread along the entire bed length observed during preliminary tests, where this
flame spread failure was attributed to large spaces between fuel comb rows at
such low b. Fuel beds with b greater than 0.070 were not tested in order to pro-
tect the O2 analyzers, as large quantities of organic volatiles were emitted during
burning of higher b beds that could damage sensitive instrument components. In
total, eight b categories were identified and numbered as b1 to b8 from the lowest
to the highest b values. All 34 fuel and bed configurations explored in this study
are listed in Table 1 within their associated b category. These numbered b cate-

Table 1.
Categories of packing ratio (b) investigated, with test configurations
in each category identified by fuel type, fuel bed packing, and fuel
bed angle. Similar values of b are grouped by number and labeled b1
to b8, and these categories are also identified by color throughout
this study. Configurations marked with asterisks were tested once due
to fuel availability or equipment limitations, while other
configurations were tested at least twice.
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gories are used throughout the remainder of this study to assess impacts of b on
burning characteristics and O2 depletion extent and duration.

2.2. O2 Measurement

Time-resolved O2 concentrations were measured during each experimental burn
using either an SPX Corporation Genisys Evo Scan Tool with a Gas M-P add-on
module or an Enerac Model 700 Integrated Emissions System Analyzer. Good
agreement within the average uncertainty of all O2 measurements was found
between the two instruments in tests with the same fuels and bed configurations.
A stainless steel O2 probe was inserted into the bottom of the tilting fuel bed and
between cement board spacers such that the opening of the probe was flush with
the tilting bed surface at the base of the fuel tines. The O2 probe port was located
approximately one-half to two-thirds of the fuel bed length upslope of the ignition
location to permit the fire to reach a steady spread rate well ahead of the probe
(Fig. 1b). Both gas analyzers had a sampling rate of 1 Hz and an instrument
delay in response to changes in gas concentrations of approximately 2 s.

2.3. Characterization of Flame Properties

A GoPro camera was mounted above the tilting fuel bed for video recording of
each test at 59.9 fps, and Fig. 1b shows a single video frame of a
CB_LT(50 mm)_4i_30� burn test. Fuel beds were ignited at the lower end of the
tilted bed using approximately 25 g of excelsior and 6 mL of methanol, and the
flame front was then allowed to self-propagate along the length of the fuel bed
under ambient laboratory conditions. During each burn test, several distinct flame
characteristics became apparent. After ignition and flame development, the flame
zone progressed across the bed preceded by smoke and evolution of gaseous pyr-
olyzates. The arrival of this region to fresh fuel was noted to typically initiate a
decrease in O2 from the ambient level. Behind the flame zone, fuel tines typically
continued smoldering until complete burnout, as indicated by the tines visibly
reducing to ash and collapsing. The O2 levels remained reduced from the arrival
of the pyrolysis zone to the time of complete burnout. Every tested fuel bed con-
figuration exhibited these behaviors, with the thicknesses of pyrolysis, flaming,
and smoldering regions, as well as the extent and duration of O2 depletion, vary-
ing depending on fuel type, b, and slope angle.

The acquired videos were processed using Matlab to obtain flame and smolder
rates of spread (RoS) and zone thicknesses for each fuel bed test using 40 frames
isolated from each video, which were selected to capture flame front positions of
approximately every 2 cm along the packed length of the fuel bed. The frames
were cropped in the bed width direction to isolate 7–12 cm across the center of
the bed, and approximately 160 cm of the center of the bed in the length direc-
tion, and converted to grayscale to determine a relative brightness within each
frame, which was then used to determine the boundaries and propagation rates of
the flame and smolder regions. The relative brightness was determined by sum-
ming the grayscale value of every pixel (values of 0–255, where 0 is black and 255
is white) at every bed location and taking the ratio of the actual summed value to
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that if all the pixels were white. If all the pixels in the actual image were white,
the relative brightness would have a value of 1. An example of this relative bright-
ness analysis is shown in Fig. 2 using a single frame. The rear locations of the
identified flame and smolder regions were used to determine the RoS of those fea-
tures as they propagated across the bed. Generally, the flame boundaries were
found to be accurately captured by using a boundary threshold of approximately
85–95% of the maximum relative brightness. Similarly, the rear smolder boundary
was found to be accurately captured using a boundary threshold of approximately
25–35% of the maximum relative brightness. These boundary thresholds were crit-
ically analyzed for each video of each burn and adjusted as needed to accurately
capture the flame and smolder thicknesses observed for each video. Values for
flame and smolder RoS and thicknesses were determined as an average of the
results derived from the 40 frames that were assessed. The statistical uncertainties
determined for the flame and smolder RoS and thicknesses were low using 40
frames, with values less than approximately 5% of the average values. Thus,
uncertainties in the flame and smolder RoS and thicknesses were assessed as vari-
ations in replicate fuel bed test values using standard deviation.

The flame and smolder RoS were used to reframe time-resolved O2 concentra-
tion measurements in terms of position in the fuel bed relative to the O2 probe
location. The time at which the rear of the flame was located directly over the O2

probe was identified from the videos and used to calculate the relative position of

Figure 2. Example cropped image of a video frame in full color and
grayscale (top and middle, respectively) acquired during a fuel bed
test burn. Flame and smolder region boundaries were determined
using relative brightness. The flame region was estimated using
bounds of 85–95% of the maximum relative brightness, and the
smolder rear boundary was determined as 25–35% of the maximum
relative brightness. The flame boundaries are illustrated using pink
(flame front) and red (flame rear) vertical lines and the smolder
boundaries are represented by red (smolder front) and black (smolder
rear) vertical lines.
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each time-resolved O2 concentration value from that initial position. This was
done by using the flame and smolder RoS and each time step before and after the
initial position to calculate the value of each relative position, resulting in O2 con-
centration profiles across the fuel bed at a single time during the test. Additional
details about this relative position calculation can be found in Supplementary
Information (Fig. S2). These O2 profiles with respect to relative position were then
used to study the flame and smolder regions, as well as identify the pyrolysis
regions within the O2 profiles by overlaying the locations of the flame and smol-
der boundaries estimated from the video analysis onto the O2 concentration pro-
files with respect to position. The pyrolysis region was determined as the
difference between the location where the O2 concentration initially decreased
below 20 mol% and the leading edge of the flame.

2.4. Burning Rates

Additional investigation of O2 availability effects on MDF and CB flaming and
smoldering oxidation rates was performed at the fuel particle scale using a TA
Instruments Discovery 5500 Thermogravimetric Analyzer (TGA). Samples were
heated at 500�C/min to simulate rapid heating, ignition, and oxidation in the
MFSL tilting fuel bed as closely as possible. MDF(50 mm), CB ST(50 mm) and
CB LT(50 mm) comb tines were cut into approximately 6 mm-long pieces to fit
into 100 lL platinum TGA pans, resulting in sample masses of approximately 34,
12 and 17 mg, respectively. Mass and temperature calibrations were performed for
each gas environment, and the following environments were tested based upon O2

concentrations measured in the tilting fuel bed tests: (1) inert, 100 vol% N2, (2)
98/2 vol/vol% N2/O2, (3) 95/5 vol/vol% N2/O2, (4) 92/8 vol/vol% N2/O2, (5) 90/
10 vol/vol% N2/O2, (6) 85/15 vol/vol% N2/O2, and (7) simulated air, 80/20 vol/
vol% N2/O2. All N2/O2 gas environment combinations had a total flow rate of
100 mL/min. A minimum of two replicates was performed for each of the three
fuel particle types and in each gas environment, and standard deviation was used
to assess uncertainty.

Two sets of TGA tests were performed in each gas environment. First,
unburned comb tine samples were heated at 500�C/min to 700�C to investigate
impacts of O2 availability on oxidation rates. The upper temperature limit of
700�C was selected because all tine types underwent complete devolatilization by
approximately 600�C. Second, char oxidation rates were isolated to determine
impacts of O2 availability on this slower phase of combustion by subjecting char-
red tines to the oxidative gas environments. Unburned fuel was charred by heat-
ing the particles to 700�C at 500�C/min in 100 vol% N2 to fully pyrolyze the
particles, and then the charred particles were cooled in N2. Subsequently, the
remaining char residue was oxidized by heating at 500�C/min to 950�C in one of
the aforementioned oxidative environments.

2.5. O2 Diffusion Model

A one-dimensional (1D) mass transport model was developed to estimate O2

availability at the surface of a CB LT(50 mm) particle in the oxidative gas envi-
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ronments that were explored using the TGA. Schematics of the TGA furnace and
O2 diffusion model are provided in Fig. 3.

The general 1D expression for species A diffusion through a binary mixture on
a mass basis is

_m}
A ¼ Y A _m}

� �
� qDAB

dY A

dx
: ð2Þ

where _m}
A is the net mass flux of species A, Y A is the mass fraction of species A,

_m} is the total net flux of the gas mixture per unit area, q is the bulk density of
the species A and B mixture, and DAB is the binary diffusion coefficient for diffu-
sion of species A into species B [74, 75]. Three primary gas species were consid-
ered in the O2 diffusion model: N2 and O2 which flow across the top of the open
sample pan, and CO2 which was assumed to be the primary combustion product

species. The net gas mixture mass flux from the pan ( _m}) was derived from TGA
char mass loss data collected during the char oxidation experiments described in
Sect. 2.4. The charred particle was assumed to be pure carbon, and the mass loss
data was used to calculate net CO2 and O2 mass fluxes from and to the charred
particle. The distance over which O2 must diffuse from the surroundings to the
charred CB particle surface was assumed to be 0.75 mm which is half the depth of
the TGA platinum pan. Boundary conditions are known for N2, O2, and CO2 in
the far-field (x = 0.75 mm) based on environment gas composition. Binary diffu-
sion coefficients for each species were determined using the ideal gas equation of
state, the mean molecular speed, and the mean free path relationship at each
TGA temperature during oxidation experiments, which results in a calculation of

Figure 3. (a) Schematic of TGA furnace and sample pan in which
charred CB LT(50 mm) particles were subjected to N2/O2 gas mixture
environments. (b) Schematic showing components considered in one-
dimensional (1D) mass transport model of char oxidation.
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the coefficient based on the mass of the gas species, and system temperature and
pressure [74]. The bulk density was approximated as that of air at each tempera-
ture during the oxidation experiments.

Three equations were solved to determine the three species concentration distri-
butions—Y N2, Y CO2, and Y O2—in the modelled system (Fig. 3b). Equation 2 was

simplified for N2 by setting the net flux ( _m}
N2) to zero because N2 is an inert gas in

the system and is not produced or consumed. Using a far-field boundary condi-
tion of Y N2 x ¼ Lð Þ ¼ Y N2;L where Y N2;L is known based on the imposed TGA gas

environment, Eq. 2 was solved to yield an expression for the mass concentration
of N2 within the TGA sample pan

YN2 xð Þ ¼ YN2;Lexp
_m00

qDN2�m
x� Lð Þ

� �
ð3Þ

where DN2�m is the diffusion coefficient for the diffusion of species N2 into the
mixture of species CO2 and O2 [76].

The concentration profile of CO2 (Y CO2) was determined using Eq. 2 and a
boundary condition of Y CO2 x ¼ Lð Þ ¼ 0, and the mass concentration distribution
of CO2 throughout the modelled 1D system is

YCO2 xð Þ ¼ _m00
CO2

_m00

exp � _m00x
qDCO2�m

� �

exp � _m00L
qDCO2�m

� �� 1

0

@

1

A: ð4Þ

The net flux of CO2 ( _m}
CO2) was determined from TGA mass loss data and the

ratio of the molecular weight of CO2 to that of pure carbon.
Similarly, for O2, there is a mass flux of O2 within the system due to the con-

sumption of O2 in oxidative reactions at the particle surface. Using Eq. 2 and a
boundary condition of Y O2 x ¼ Lð Þ ¼ Y O2;L, where Y O2;L is known from the

imposed ambient gas environment, the concentration distribution of O2 is

YO2 xð Þ ¼ _m00
O2

_m00 þ
exp � _m00L

qDO2�m

� �
YO2;L �

_m
00
O2
_m00

� �

exp � _m00x
qDO2�m

� � : ð5Þ

The net flux of O2 ( _m}
O2) was determined from TGA data, where the char carbon

mass loss was used to determine the net flux of O2 based on an assumption of
carbon oxidation to CO2. The mixture diffusion coefficients, DN2�m, DCO2�m, and
DO2�m, were determined using the general form

DN2�m ¼
1� Y N2

m
MW N2

� �

Y CO2
m

MW CO2

� �

DN2�CO2
þ

Y O2
m

MW O2

� �

DN2�O2

ð6Þ

An Investigation of Oxygen Availability in Spreading Fires



Figure 4. O2 concentration profiles with (a) time and (b) position
relative to the O2 probe for CB_LT(50 mm)_4i_30�. Pyrolysis, flame
and smolder regions are indicated in (b) with the uncertainty of the
boundary locations for each region shown. The impacts of packing
ratio (b) on extent and duration of O2 depletion are compared in
terms of (c) time and (d) position for a range of b categories including
b2 (smallest shown), b5, b7, and b8 (largest). Fuel bed tests in the b5
category are compared with respect to (e) time and (f) position.
Uncertainty for the minimum O2 concentration, time, and position for
each O2 profile is shown in (a–d), where O2 concentration and time
uncertainties are due to experimental variability and position
uncertainty derives from propagation of uncertainty applied to the
transformation of O2 concentration in time to position. The average
uncertainty of the minimum O2 concentration, time, and position for
all repeated configurations in the b5 category (Table 1) is shown in
(e) and (f).
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where m is the total mass of the overall gas mixture of species N2, CO2 and O2.
The resulting model has 6 unknowns ðY N2, Y CO2, Y O2, DN2�m, DCO2�m, and

DO2�m) and six equations (Eqs. 3, 4, 5, and Eq. 6 for DN2�m, DCO2�m, and DO2�m)
and was solved using a numerical solver to determine the concentration of O2 at
the charred particle surface. This analysis was applied to simulate oxidation of
charred CB LT(50 mm) at every temperature step during heating from approxi-
mately 200 to 900�C in order to investigate the impacts of near-particle O2 avail-
ability on O2 availability at particle surfaces and oxidation rates.

3. Results and Discussion

3.1. Oxygen Depletion Extent and Duration

Measured O2 concentrations with respect to time and relative to the O2 probe
location are shown in Fig. 4 for CB_LT(50 mm)_4i_30�. Figure 4a and b show a
single set of data in both frameworks. Pyrolysis, flame, and smolder regions are
indicated in Fig. 4b, where the rear of the flame is located at the O2 probe loca-
tion and the other region boundaries are identified relative to that location.
Though the entire bed length is shown in Fig. 4b, d and f, these relative positions
were calculated using the steady-state flame and smolder RoS determined using
data from the center 160 cm length of the bed to avoid any potential end effects.
These reaction zone thicknesses are tabulated in Supplemental Information for all
tested fuel bed conditions. A range of b in both frameworks is shown in Fig. 4c
and d to highlight the impacts of b on O2 depletion and duration. The flame
region for the lowest b shown in Fig. 4c and d (b2) is the narrowest, with a smol-
der region trailing the flame that is similar in size. As b increases, the flame thick-
ness increases and the smolder region trailing the flame grows increasingly larger
than the flame region due to the slower rate of solid-phase char oxidation.

Additionally, O2 concentrations with respect to time and relative to O2 probe
location for all tested fuel beds in a single b category (b5) are compared in Fig. 4e
and f, and O2 profile comparisons for all other b categories are provided in Sup-
plementary Information. The profiles in Fig. 4e and f are presented in an orange
color palette for consistency with the color selected to identify the b5 category
throughout this study. In Fig. 4e, O2 depletion is offset based on different flame
RoS, which is primarily affected by bed angle in beds of the same b and is attrib-
uted to increased convective heating further ahead of the flame zone in beds with
increased angle. For example, a comparison of the O2 profiles for
CB_LT(50 mm)_4i at a variety of angles from 20 to 40� reveals that O2 depletion
begins earlier in time for the steepest angle and correspondingly fastest RoS. In
addition to bed angle, other fuel bed effects on RoS can also be observed in
Fig. 4e; notably, the mixed beds angled at 25� had the lowest spread rates among
tested b5 configurations, lower than even the shallowest tested angle in that cate-
gory (CB_LT(50 mm)_4i_20�).

Analysis of O2 depletion behavior with respect to time is useful for assessing
differences in flame propagation behavior, but comparisons of flame structure can

An Investigation of Oxygen Availability in Spreading Fires



be more difficult to interpret in a time-based reference frame. The comparison of
all tests in the b5 category with respect to O2 probe position (Fig. 4f) reveals a
general similarity in flame characteristics in this b category with one exception.
Notably, the O2 depletion profile for CB_LT(50 mm)_4i_40� exhibits a large reac-
tion zone outside the statistical variability of all tests performed in category b5,
and this is attributed to the enhanced flame contact angle with unburned fuel at
the steep 40� bed angle. Nonetheless, despite significant differences in fuel bed
characteristics which included unique packing conditions such as
AltMDF&1CB_ST(50 mm)_2i_25�, AltMDF&2CB_ST(50 mm)_2i_25� and
WET_CB_LT(50 mm)_4i_40�, an analysis of O2 concentration with position
reveals that b can be used to group the burning behavior of fuel beds of different
fuel types, sizes, packings, and angles. The impacts of b on flame and smolder
RoS and thickness, O2 depletion extent and duration, and the availability of O2

for fuel oxidation are further explored in the remaining sections.
The minimum O2 concentration for each tested fuel bed shown in Fig. 4

reached approximately 2–5 mol%, similar to that observed in [14] and [66]. A few
fuel bed conditions not shown in Fig. 4, but discussed in ensuing sections, exhib-
ited higher minimum O2 concentrations up to 8 mol%. Additionally, O2 concen-
trations in the smolder region were depleted, typically to< 15 mol%, for extended
periods after the flaming zone had passed.

3.2. Impacts of Bed Packing Ratio (b)

Flame residence time, flame RoS, smolder RoS, and minimum O2 are shown in
Fig. 5a–d, respectively, for tested b and bed angles. The b categories (b1 through
b8) are indicated by color, and error bars represent the average uncertainty for
each b category. Fuel bed angle was varied within each b category and impacted
flame residence time and RoS, smolder RoS, and minimum O2 within a given b
category. Bed angle effects are particularly noticeable within b5 and b7, where
results suggest that flame residence time and rates of spread generally increased
with bed angle, and minimum O2 generally varied inversely with bed angle. How-
ever, additional testing would be required to evaluate the correlation strength of
these flame characteristics with bed angle.

Flame residence time was found to increase linearly overall with b as expected
[24, 72] and the linear trend is illustrated in Fig. 5a. Flame, smolder, and pyrolysis
zone thicknesses were measured and found to not correlate strongly with b. These
values are listed in Supplementary Information for reference and were used to cal-
culate additional burning characteristics, including fuel surface area burning rate.

Flame and smolder RoS decreased rapidly with increases in b from 0.004 to
approximately 0.020, after which the rate of change decreased significantly at
higher b. The flame and smolder RoS exhibited similar behavior with respect to b,
but the smolder RoS values were smaller in magnitude due to the slower rate of
char oxidation [1, 3, 6–8, 69, 70]. The flame RoS values were similar to those
reported by He et al. [72] and Catchpole et al. [77], but with larger RoS values at
the lower b values tested in this study due to the variation of angle that signifi-
cantly expanded the range of measurable b values by enabling fire to spread in
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Figure 5. (a) Flame residence time, (b) flame rate of spread (RoS),
(c) smolder RoS, and (d) minimum O2 concentration with respect to
packing ratio (b). The R2 value of the linear trendline shown in (a) is
0.84. Categories of b are grouped and indicated by color. The surface
area burning rate with respect to (e) b and (f) the dimensionless bed
porosity factor (k=d) are also shown. For b2-b6 and b8, filled markers
indicate configurations which were repeated and open markers indi-
cate configurations which were tested once (Table 1). The average
uncertainty of repeated configurations in each b category is included
for each plotted parameter (Color figure online).
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very low b (< 0.010) beds at steep angles (‡ 30�). He et al. [72] postulated that the
increase in void space between fuels at lower b allows more O2 to enter the burn-
ing zone which promotes increased RoS due to the resulting enhanced tempera-
ture and heat transfer. Similarly, Finney et al. [24] noted that smaller void space
between fuel particles limits the entry of air into the burning zone as fuel beds
become denser at higher b, forcing the pyrolysis gases to oxidize farther above the
fuel bed where more O2 is available for combustion. The reduction of O2 and gas-
phase oxidation rates within the flame zone decreases the temperature and radia-
tive heat transfer of the burning zone, thus slowing the RoS. These theories are
explored through O2 measurements in this study and results of other studies [14,
66], where an increase in RoS has been observed to occur when greater O2 con-
centrations were measured in fuel beds of low b.

The minimum O2 concentration with respect to b exhibited similar behavior to
flame and smolder RoS trends, though there were several outliers where the mini-
mum O2 of some fuel bed tests were significantly higher than others in the same b
category. The outliers occurred in fuel bed tests that exhibited distinct behavior
during experiments. First, increased variability in flaming and smoldering charac-
teristics and O2 depletion was observed with decreasing b, which was attributed to
higher variability of fire spread versus extinguishment that depended upon non-
steady flame contact and convective heating across increasingly large fuel gaps.
Fuel beds with very low b (< 0.010), such as b1 and b2, had to be adjusted to
higher bed angles (‡ 25�) for fire spread to be successful due to the large gaps
between fuel particles. Flame spread at low b was observed to be sensitive to the
intermittency of flame contact needed for the ignition of unburned fuels and sus-
tained flame spread. The fuel beds observed to be closest to extinguishment at
very low b and having the highest minimum O2 values shown in Fig. 5d were
CB_ST(50 mm)_4i_25� and MDF(50 mm)_4i_25. These two tests had relatively
small flame thicknesses – 11 and 9.7 cm, respectively – and propagated at veloci-
ties of 1.54 and 0.37 cm/sec (Supplementary Information) and essentially one layer
of fuel at a time, depleting the O2 concentration from ambient for only a few sec-
onds and resulting in higher minimum O2 values of 7.8 and 7.0 mol%, respec-
tively.

The second observed behavior that induced higher minimum O2 concentrations
was strong circulation associated with towers and troughs parallel to the fire
spread direction [20, 78–82]. This circulation behavior was particularly observed in
this study for conditions which produced large flame thicknesses and/or high
flame RoS. The tests that exhibited the strongest circulation behavior included
CB_ST(100 mm)_8i_30�, CB_ST(50 mm)_8i_35�, and CB_ST(50 mm)_8i_40�,
which resulted in RoS of 3.90, 7.24 and 10.9 cm/sec, respectively, and these tests
also showed O2 depletion for only a few seconds, with minimum values of 7.55,
7.63 and 7.45 mol%, respectively. The higher minimum O2 concentrations may be
attributable to the advective effects of the circulation behavior transporting more
air into the fuel beds.

Notably, as the discussion above highlights, some beds that had large flame
thicknesses also had fast RoS that resulted in short O2 depletion times. Flame
thickness is a difficult parameter to isolate because it is dependent on a variety of
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bed factors, including bed angle and b, and no correlation was found between
flame thickness and minimum O2 (not shown). Flame RoS correlated weakly with
minimum O2 concentrations (Supplementary Information, Fig. S5). Results sug-
gest that minimum O2 concentration increased with an increase in RoS, although
a linear trendline fitted to the data produced an R2 of only 0.23.

Figure 5b–d show significant changes in burning behavior between low and high
b, suggesting a transition in burning regimes. Two burning regimes—ventilation
controlled and surface area controlled—have been identified in previous studies
based on bed porosity (k), or the ratio of void volume to fuel particle surface area
in the bed [33, 61, 83]. Nelson [61] defined k as

k ¼ 1� b
rb

½cm� ð7Þ

where r is the surface area to volume ratio of each individual tine of the MDF or
CB combs. Nelson [61] also recommended using a dimensionless porosity factor
(k=d), where d is the height of the fuel and equal to 50, 100 or 150 mm in this
study, to identify the transition between burning regimes. This transition theoreti-
cally occurs at (k=d) = 1, but that threshold has been shown to differ signficantly
for different fuels and packing.

The burning regimes in this study were further assessed in terms of fuel surface
area burning rate, Rs, defined by [61] as

Rs ¼
Ar

W a
s

� �

Ap

kg
m2 �min

� 	
ð8Þ

where Ar is the projected area of the flame zone as viewed from a perspective nor-
mal to the bed, W a is the fuel load in mass per projected area of the flame zone, s
is the reaction zone residence time, and Ap is the total fuel particle surface area in

the reaction zone [61]. The reaction zone was determined to include both the
flame and pyrolysis regions in the present work, comparable to the reaction zone
defined by [61]; notably, a reaction zone utilizing solely the flame region was also
investigated and found to produce the same burning rate trends but with higher
magnitudes. Fuel load was calculated using Eq. 9,

W a ¼
mp

ðtp þ tgÞðwp þ wgÞ
kg
m2

� 	
ð9Þ

where mp is the particle mass.
Surface area burning rates with respect to b and (k=d) are presented in Fig. 5e

and f. The surface area burning rate decreased with increased b, showing a similar
trend to that observed for the flame and smolder RoS, while surface area burning
rate increased with (k=d). Results suggest the existence of two different burning
regimes: ventilation controlled beds corresponding to densely packed fuel beds in
which the surface area burning rate increases linearly with increasing (k=d), or

An Investigation of Oxygen Availability in Spreading Fires



decreasing b, and surface area controlled beds corresponding to loosely packed
fuel beds in which the surface area burning rate is independent of (k=d), and
therefore b. The results in Fig. 5e and f suggest that fuel bed burning behavior
was transitioning to the surface area controlled regime at the lower b and higher
(k=d) investigated in this study but, as was observed in [61], a clear delineation
between ventilation and surface area controlled regimes was not observed at lower
b and larger (k=d). For fuel beds within the ventilation controlled regime at the
larger b and lower (k=d) in this study, burning was limited by the ability of air to
advect into the reaction zone due to dense fuel bed packing, and minimum mea-
sured O2 in this regime was generally 1–3 mol%. In the lowest b and highest (k=d)
categories, where a suggested transition to a surface area controlled regime occur-
red, O2 supply was less limited within the reaction zone and minimum measured
O2 in this regime was generally > 3 mol%.

3.3. Burning Rates

The development of Eq. 8 by Nelson [61] is based on the assumption that char-
ring takes place outside of the flaming region or phase of combustion, thus not
taking char oxidation into account. However, char oxidation has been shown to
participate competitively with gas-phase oxidation in the flame zone [1, 3, 6–8, 69,
70]. The impacts of O2 availability on derivative thermogravimetric fuel consump-
tion rates (DTG in %/min) are presented in Fig. 6 for unburned fuels which
undergo pyrolysis, flaming, and char oxidation, as well as pre-pyrolyzed chars
which only undergo char oxidation. Figure 6a–c show results for the raw fuel,
resulting from the combined pyrolysis and smoldering present in raw fuel combus-
tion, while Figs. (d-f) show results for the charred fuel, resulting from the smol-
dering behavior of char alone. The experimental DTG profiles shown in Fig. 6
have been smoothed using a 5-point moving average to reduce noise, and error
bars reflect the magnitude of the raw data deviation from the smoothed data. The
DTG profiles of unburned CB LT(50 mm) heated in 20/80 mol% O2/N2 (simu-
lated air), 15/85 mol% O2/N2, 10/90 mol% O2/N2, 8/92 mol% O2/N2, 5/95 mol%
O2/N2, 2/98 mol% O2/N2, and 100 mol% N2 are shown in Fig. 6a. Results differ
negligibly as N2 is decreased from 100 mol% N2 to 10/90 mol% O2/N2 environ-
ments, but peak mass loss increases in higher O2 concentration environments.

Similar tests were performed for CB ST(50 mm) and MDF(50 mm), and peak
DTG and temperature at the peak DTG for all three fuels are compared in
Fig. 6b and c. Again, results show relatively little change in peak DTG from
100 mol% N2 to 10/90 mol% O2/N2, while the 15/85 mol% O2/N2 and 20/
80 mol% O2/N2 environments show significant changes in peak DTG. Tempera-
ture at peak mass loss did not change significantly across oxidative environments
even with a corresponding change in the peak DTG. Additionally, different
impacts of O2 availability on CB LT(50 mm), CB ST(50 mm) and MDF(50 mm)
burning rates can be observed that are attributable to the particle tine size and
type. For example, the CB ST(50 mm) particle exhibits higher DTG at lower tem-
peratures than the CB LT(50 mm) particle due to the larger width of CB
LT(50 mm) tines, which translates to a decrease in the surface area relative to the
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Figure 6. (a) Impacts of O2 availability on derivative
thermogravimetric (DTG) fuel consumption rates for CB LT(50 mm) as a
function of temperature. (b) A comparison of peak DTG for CB LT(50 mm),
CB ST(50 mm) andMDF(50 mm). (c) Temperature at peakDTG for CB
LT(50 mm), CB ST(50 mm) andMDF(50 mm). Impacts of ambient O2

levels on DTG fuel consumption rates are shown for pre-pyrolyzed (d) CB
LT(50 mm) char, (e) CB ST(50 mm) char, and (f)MDF(50 mm) char. The
legend in (a) also applies to (d–f), and the legend in (b) applies to (c). The
uncertainty of the data presented in (a) and (d–f) was determined as the
standard deviation of the data from the presented smoothed profiles and
is representative of data noise. The error bars illustrated in (a) and (d–f)
represent the average uncertainty determined for all DTG profiles shown.
Uncertainty in (b) and (c) is an average of all results for each fuel category.
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mass and increases transport limitations in the CB LT(50 mm) particle. The
MDF(50 mm) shows reduced peak DTG (Fig. 6b) at significantly higher tempera-
tures (Fig. 6c) as compared to the CB particles due to greater density and mass,
which also increase transport limitations. Overall, the differences between inert
and oxidative environments on peak DTG (Fig. 6b) and the temperature at peak
DTG (Fig. 6c) for all investigated fuels were insignificant: all oxidative peak DTG
and temperatures at peak DTG varied by less than 14 and 4%, respectively, from
those measured for the N2 environment. Excluding the three gas environments
with the highest O2 concentrations (air, 15 mol% O2 and 10 mol% O2), the chan-
ges in the peak DTG and temperature at peak DTG of the oxidative environ-
ments relative to the N2 environment were less than 2.5 and 2%, respectively.

The negligible changes in peak DTG and temperature at peak DTG in gas envi-
ronments of concentrations up to 10 mol% O2 during pyrolysis and oxidative
consumption of fuels (Fig. 6b and c) suggest that O2 concentrations available for
char oxidation are negligible under these conditions, supporting the inert assump-
tions utilized in many physical fire spread models [3, 20, 34, 60]. This range of O2

concentrations up to 10 mol% differs slightly from the range of minimum O2 con-
centrations measured in the spreading fuel comb fires that were designated as ven-
tilation controlled in the present study (Fig. 5d and f). Differences in the
thresholds of the ventilation controlled regimes for the fuel bed (� 3 mol% O2)
and the TGA (� 10 mol% O2) are attributed to differences in the experimental
platforms themselves. The TGA system is approximately 1D and available O2 can
flow to the particle fuel surface from one direction only, limiting O2 flux to the
fuel surface and resulting in a ventilation limit at a higher ambient O2 condition
of 10 mol%. Still, the burning behavior observed in these TGA results is generally
consistent with O2 results in Fig. 5, where beds with the greatest void space (low-
est b) that appear in transition to a surface area controlled burning regime were
less O2 limited. Taken together, these results suggest that pyrolysis was a signifi-
cant controlling factor in fuel consumption rates for both the fuel bed and TGA
and in both the surface area and ventilation controlled regimes. In the surface
area controlled regime, significant quantities of O2 were available but burning
rates were limited by pyrolysis rates. In the ventilation controlled regime, fuel con-
sumption rates were limited by the advection of pyrolyzates away from fuel sur-
faces that prevented O2 infiltration to the fuel bed.

To further investigate the effects of O2 availability on char oxidation rates, pre-
pyrolyzed CB LT(50 mm), CB ST(50 mm), and MDF(50 mm) char particles were
oxidized in 20/80 mol% O2/N2 (air), 15/85 mol% O2/N2, 10/90 mol% O2/N2, 8/
92 mol% O2/N2, 5/95 mol% O2/N2, and 2/98 mol% O2/N2, and DTG oxidation
rates are presented in Fig. 6d–f, respectively. Char oxidation exhibited lower mass
loss rates than unburned fuels (Fig. 6a and b) due to the slower rate of char oxi-
dation as compared to devolatilization [1, 3, 6–8, 69, 70]. Additionally, peak DTG
occurred at higher temperatures for char oxidation as compared to oxidation of
unburned fuels. Results showed significant impacts of O2 availability on char oxi-
dation rates, which were observed to generally decrease with decreasing O2 avail-
ability, although peak DTG values were generally higher at lower O2

concentrations when ignition occurred at higher temperatures.
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The impacts of ambient O2 availability on char oxidation rates can be better
understood through an estimation of O2 concentrations at the char surfaces. Con-
centrations of O2 present at CB LT(50 mm) char surfaces in TGA experiments,
modeled using the 1D mass diffusion model outlined in Sect. 2.5, are presented in
Fig. 7a and b for 20/80 and 5/95 mol% O2/N2 furnace environments, respectively,
over the range of DTG profiles that were measured from approximately 200 to
900�C (Fig. 6d). Again, DTG profiles were smoothed using a 5-point moving
average. The results for 2, 8, 10, and 15 mol% O2 environments and for CB
ST(50 mm) and MDF(50 mm) char particles are not presented for brevity but
exhibited similar behavior to those of CB LT(50 mm) char in 20 and 5 mol% O2.
For all environments, the O2 concentration at the fuel surface was found to
depend significantly on DTG magnitude. Under large mass fluxes indicated by
large DTG, O2 availability was reduced at the particle surface as observed for
both 20 and 5 mol% O2 environments in Fig. 7. Concentrations of O2 at the char
surface approached 0.5 mol% in 5 mol% ambient O2 and at high DTG (Fig. 7b).
In contrast, O2 depletion at the char surface in 20 mol% ambient O2 was not sig-
nificant (Fig. 7a), suggesting that O2 availability is not negligible under some
ambient conditions and should be considered in the development of future fire
spread models.

Figure 7. Results of the 1D mass diffusion model used to estimate O2

concentrations at CB LT(50 mm) char particle surfaces in (a) 20/
80 mol% O2/N2 and (b) 5/95 mol% O2/N2 TGA furnace gas
environments. The O2 concentrations at the particle surface are shown
in black and the derivative thermogravimetric mass loss rate (DTG)
profiles are shown in red. Uncertainty is the average deviation of the
raw data from the smoothed profiles.
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4. Conclusions

Temporally and spatially resolved O2 concentrations at the base of spreading fires
were experimentally quantified for the first time, with the goal to inform physical
fire spread models on the use of inert and oxidative assumptions. Medium density
fiberboard (MDF) and cardboard (CB) fuel combs were burned over a range of
packing ratios (b) and bed angles, and O2 concentrations in the pyrolysis, flaming,
and smoldering regions of the fire were measured. Results show that O2 concen-
tration was significantly depleted as the fire passed through the fuel bed, with
minimum O2 concentrations reaching approximately 2–5 mol% in almost all
cases, and minimum O2 concentrations as high as 8 mol% measured for beds with
very low b. Flame characteristics, including flame and smolder rates of spread
(RoS) and thicknesses as well as surface area burning rates, were assessed for the
range of tested b and bed porosity (k=d). Surface area burning rate variation with
k=d suggested a gradual transition between ventilation and surface area controlled
behavior over the range of tested conditions, and O2 was found to be more sup-
pressed in the ventilation controlled regime and less limited in the transition to a
surface area controlled regime.

The impacts of O2 availability on unburned fuel and char oxidation rates were
further explored using thermogravimetric analysis (TGA). Availability of O2 had
negligible impacts on unburned fuel consumption rates at ambient O2 concentra-
tions of 10 mol% and below, but O2 availability had significant impacts on char
oxidation rates at all tested concentrations. Diffusion of O2 to char fuel surfaces
was assessed using a 1D model to estimate the amount of O2 available to partici-
pate in solid-phase char oxidation based on near-particle O2 availability. The O2

concentration at char surfaces was found to depend strongly on the mass flux of
combustion products from char particles during char oxidation, and model results
suggest that O2 availability at fuel surfaces may not be negligible as current fire
models often assume. The results of this work provide new insights into the avail-
ability of O2 within spreading fires and the impact of O2 availability on fuel con-
sumption rates for the improvement of current fire models.
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