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This study investigated the thermal conditions preceding ignition of three dense woody

fuels often found on structures by firebrands, a major cause of home ignition during

wildland-urban interface (WUI) fires. Piles of smoldering cylindrical firebrands, fabricated

from wooden dowels, were deposited either on a flat inert surface instrumented

with temperature and heat flux sensors or on a target fuel (marine-grade plywood,

oriented-strand board, or cedar shingles) to investigate critical conditions at ignition.

The former provided thermal data to characterize the time before and at ignition, while

the latter provided smoldering and flaming ignition times. Tests were conducted in a

small-scale wind tunnel. Larger firebrand piles produced higher temperatures at the

center of the pile, thought to be due to re-radiation within the pile. Ignition was found

to be dependent on target fuel density; flaming ignition was additionally found to be

dependent on wind speed. Higher wind speeds increased the rate of oxidation and led

to higher temperatures and heat fluxes measured on the test surface. The heat flux at

ignition was determined by combining results of inert and ignition tests, showing that

ignition occurred while transient heating from the firebrand pile was increasing. Ultimately,

critical ignition conditions from firebrand pile exposure are needed to design appropriate

fire safety standards and WUI fire modeling.

Keywords: critical ignition conditions, WUI fuels, wildland fire, firebrand ignition, embers

1. INTRODUCTION

Over the past few decades, losses from fires at the wildland-urban interface (WUI) have increased
dramatically (Caton et al., 2016). The WUI, the area where human development intermixes or
borders undeveloped wildland (Radeloff et al., 2005), represents a confluence of structures and
surrounding flammable vegetation. Previous investigations have shown that firebrands are a major
cause of fire spread duringWUI fires, igniting structures and secondary fires far away from themain
fire front (Mell et al., 2010), thus complicating suppression efforts. While early works by Cohen
(2008) and numerous investigations by Maranghides and Mell (2011), Maranghides et al. (2013),
Maranghides et al. (2015), and Maranghides and McNamara (2016) have shown that firebrands
are a major source of structural losses, our understanding of the physical mechanisms by which
firebrands generate, loft, and eventually ignite structures is still in its early stages (Caton et al.,
2016; Manzello et al., 2020).

To better understand potential metrics to quantify critical ignition conditions for structural
fuels exposed to firebrand piles, this study investigates the heating from and ignition by firebrand
piles under wind on a small-scale, building on initial work by Hakes et al. (2019). The goal of this
study is to quantify heat flux conditions at ignition of dense fuels representative of WUI fuels.
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This work applies the methodology developed by Hakes et al.
(2019) and later used by Tao et al. (2020) to measure heat
fluxes from piles of firebrands under various wind conditions
and understand how these conditions relate to those which
cause flaming and smoldering ignition of various WUI materials.
Measurements are conducted over both an inert substrate and
with representative WUI fuels, allowing for the influence of a
target material to be separated from firebrand pile heating. The
effect of wind, both on the heat flux and on the time to ignition,
has been investigated.

2. LITERATURE REVIEW

There have been a number of studies on firebrand ignition,
which can loosely be split into small-scale studies on ignition
by individual firebrands or of vegetative fuels (Manzello et al.,
2006; Ellis, 2015; Fernandez-Pello et al., 2015; Wang et al.,
2017; Urban et al., 2018) and large-scale studies on structural
components exposed to firebrand showers. Previous studies and
post-fire investigations of ignition by firebrands in the WUI
(Manzello et al., 2009; Maranghides et al., 2013) have found
that firebrands frequently form piles on structural fuels prior
to ignition, especially in crevices or corners around the exterior
of structures. As a result, ignition of structural elements in
WUI fires is expected to occur differently than ignition by
a single firebrand, since individual firebrands exhibit different
thermal characteristics than piles of firebrands (Hakes et al.,
2019). Additionally, vegetative fuels ignite differently than dense
materials, such as wooden structural elements used on residential
homes, necessitating the study of solid fuels. Larger-scale studies
have mostly focused on the generation of firebrand “showers”
and large wind-driven depositions of and ignition by firebrands
in a wind tunnel setting (Manzello et al., 2012; Manzello and
Suzuki, 2017). Investigations of accumulated firebrand piles
under wind are more realistic; however, they are difficult
to reproduce on a small-scale in the laboratory and require
extensive characterization.

A recent small-scale study by Hakes et al. (2019) investigated
heat fluxes from piles of firebrands, finding that larger pile sizes
increased rates of heating while the effect of firebrand diameter
was relatively negligible for all cylindrical firebrands. Most tests
were performed under ambient conditions; however, one test was
performed at a higher wind speed. This wind test presented a
dramatic increase in heating and reduction in the time to flaming
ignition of the tested target fuel. Another recent study led by
the senior author investigated the effect of firebrand size and
shape on heating under different wind speeds (Tao et al., 2020).
They found that piles from real firebrand fuels, such as barks and
sticks, achieved higher peak heat fluxes at higher wind speeds
than firebrand piles produced from artificial birch fuels, which
exhibited little change with firebrand geometry. This effect was
mostly attributed to the porosity of the firebrand pile; however,
the effect of themass of the firebrand pile and ignition of recipient
WUI fuels were not studied. Bearinger et al. (2020) recently used
IR thermography and inverse heat transfer analysis to measure
localized heat transfer from firebrands to an inert surface. They
found relatively high localized heat fluxes (80−105 kW/m2) from
individual firebrands under a 1 − 2 m/s wind speed; however,

when these heat fluxes were averaged over an area the size of
the heat flux gauge used in Hakes et al. (2019), heat fluxes
were in a similar range (7–25 kW/m2). Hakes et al. (2019) also
hypothesized that structural fuels ignite in a smoldering state
and then transition to flaming. Numerous previous studies have
investigated the transition from smoldering to flaming; however,
work on transition to flaming has primarily focused on less
dense fuels such as foams (Ohlemiller, 1990; Tse et al., 1996) and
remains challenging to model and predict (Dodd et al., 2012).

In summary, there is a need for improved physical
understanding of firebrand ignition behavior, especially for
structural fuels. In particular, previous studies on firebrand
ignition have not described the thermal conditions at ignition
of dense WUI fuels, conditions which are needed to determine
critical ignition criteria for firebrand exposure. Minimum
conditions that can cause ignition are unknown, although
the importance of wind in contributing to ignition has
been highlighted extensively. Additionally, it is necessary to
understand the heating expected under worst-case firebrand
loading scenarios. Ultimately, quantification of critical ignition
criteria for firebrand exposure is necessary to design appropriate
fire safety standards and to model propagation of wildland fires
through WUI areas.

3. MATERIALS AND METHODS

Two series of tests were performed in this experimental
study. First, inert tests were performed to characterize thermal
conditions of a pile of smoldering firebrands over an inert sample,
using an array of thin-skin calorimeters (TSCs), a water-cooled
heat flux gauge (WC-HFG), and K-type thermocouples (TCs).
Second, for ignition tests, a pile of smoldering firebrands was
deposited over a target fuel, and ignition time was recorded.
Both inert thermal characterization tests and ignition tests were
performed in a small, enclosed wind tunnel that produced wind
speeds in the range of 0.5–3.5 m/s. The wind tunnel had a 30 ×

30 cm inlet which reduced into a 25× 7.5 cm test section made of
stainless steel. Gases were exhausted through a high-temperature
variable fan. The interior of the wind tunnel was painted matte
black to reduce re-radiation, and a 20 × 6 cm window of
borosilicate glass provided visual access to the experiments. At
the bottom of the wind tunnel, experiments were placed in a 15
× 12 cm hole, as shown in Figures 1, 2. An additional 1.5 cm
diameter hole located past the reducing section and before the
test sample allowed for wind speed measurements with a hot-
wire anemometer. Wind speeds were measured as a function of
height, revealing a relatively flat profile at the inlet (Salehizadeh,
2019). The firebrand pile blocked a relatively large portion of the
wind tunnel, which caused the wind speed over the firebrand
pile to actually be lower than the wind speed setting. This effect
was measured for several different pile sizes to calibrate the wind
speed setting with the “corrected” wind speed that the firebrands
actually experience. Wind speeds given throughout this paper are
for this corrected wind speed.

Firebrands were fabricated from 1.27 cm diameter and 2.54
cm long cylindrical birch wooden dowels. All dowels were cut
and fully dried in an oven at 103◦C before testing. Dowels were
measured to have an initial density of 527 ± 16 kg/m3 based on
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FIGURE 1 | Schematic of the experimental setup, from left to right: burner used to ignite firebrands (modified figure from Caton, 2016), enclosed wind tunnel, (a)

sensor array for inert tests with thin-skin calorimeters (TSC) and a water-cooled heat flux gauge (WC-HFG), and (b) thermocouple (TC) array for ignition tests, and data

acquisition (DAQ) system.

FIGURE 2 | Photograph of the experimental setup (left) with an inert sensor array mounted and (right) a photograph showing cylindrical brands just before flames

die out and firebrands are deposited on the test surface.

mass and geometry measurements of a sampling of cut dowels.
The density of birch is slightly higher than those wood species,
such as pine, typically found in WUI fires; however, it was not
possible to source the desired quantity of the lower density
materials for the firebrand diameter and shape considered here.
We chose to use birch as a surrogate which could be readily

supplied for the experiments and was used in previous firebrand
ignition experiments (Hakes et al., 2019). Smoldering firebrands
were fabricated following the method described in Hakes et al.
(2019) by placing the dowels in a mesh basket over a large
propane burner, shown on the left in Figure 1 and on the right
in Figure 2. Once all firebrands achieved flaming (after 10–15 s
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depending on the pile size), the propane burner was turned
off and the firebrands were allowed to burn until all flaming
combustion ceased.

Firebrands were deposited on the experimental setup in a
smoldering state using a funnel-like dumper. This dumper was
used so that the firebrand pile was ensured of being deposited on
the sensor array; both dumper outlet area and array area were
approximately 10 × 10 cm. There was some natural variation
in the deposition of the pile, meaning that there was variation
in the contact area between the firebrands and the sensors.
While this deposition method is anticipated to slightly increase
variability between tests, the time-dependent deformation of
smoldering wood as it transitions to ash adds inherent variability
to this physical process, even for individual firebrand placement.
Despite the associated uncertainty, clear and repeatable trends
are still extracted by repeating experiments multiple times.
Fully depositing the firebrand pile also allows for simulation of
a worst-case heating scenario, capturing the initial high heat
fluxes, conditions that could not be captured by placing each
firebrand individually.

Three firebrand loading conditions were used for both inert
and ignition tests. Initial mass of the wood was measured and
resulted in smoldering piles about 16% the mass of the original
wooden dowels, as shown in Table 1. For simplicity, the three
piles will be referred to as 16, 8, and 4 g piles in the rest of the
paper. As an indicator of the porosity, the bulk density of the
resulting piles was also examined using volume measurements
from side-view photographs of the pile and mass measurements
from a load cell. Three tests for each deposited mass of 4, 8, and
16 g were chosen and pictures from a side and front view of the
pile were analyzed with the software ImageJ. The volume of the
pile was calculated based on the average height of the pile and the
contact area between the pile and inert sample, approximately
10 × 10 cm, the area of the funnel-like dumper used. The bulk
density of the pile, also shown in Table 1, was found to increase—
indicating a decrease in porosity—with increasing deposited
mass of firebrands. Bulk density is recorded for reference, but
not varied in these experiments (i.e., the firebrand pile was
never compacted).

3.1. Inert Tests
Inert tests for thermal characterization were conducted by
depositing a firebrand pile on a 1.27 cm thick sheet of ceramic
insulation board (SuperWool 607), which was used to simulate a
relatively adiabatic surface. Three types of sensors were inserted
into the insulation board, flush with its surface, to take thermal

TABLE 1 | Firebrand loading conditions for three pile sizes used in inert and

ignition tests.

Wood pile mass

(g)

Deposited firebrand

pile mass (g)

Bulk pile density

(kg/m3)

100 16.4 ± 0.68 54.0 ± 8.1

50 8.14 ± 0.38 46.8 ± 4.1

25 4.18 ± 0.65 38.3 ± 2.8

measurements beneath the pile. These sensors included a single
WC-HFG, which was inserted in the center of an array of sixteen
TSCs, as shown in Figure 1a. Five K-type TCs, fabricated in-
house, were used for temperature measurement. The number
of repetitions for each condition was determined based on the
variability of the results and will be discussed with the heat flux
results. These tests were conducted under wind speeds varying
from 0.5 to 2.0 m/s. This range was selected because wind speeds
greater than 2 m/s moved and eventually blew away firebrands in
4 and 8 g piles.While these wind speeds aremuch lower than free-
stream wind speeds expected in a WUI fire, speeds will reduce
close to the surface due to boundary-layer effects, potential
obstructions, and re-circulation zones adjacent to buildings.

First, a 1.27 cm diameter Medtherm Schmidt-Boelter WC-
HFG (model GTW-7-32-485A, range: 0–70 kW/m2, maximum
non-linearity ±2% of range, repeatability ±0.5%) was used to
precisely measure the time-resolved heat flux beneath the center
of the array. This type of WC-HFG is typically used for incident
radiant heat flux measurement, but is used here following the
methodology of Hakes et al. (2019). Although the WC-HFG
is exposed to conductive heat fluxes, these conductive fluxes
are negligible, as firebrands are rarely fully in contact with
the gauge surface. Instead, ash and air pockets may block the
firebrand from being fully in contact with the surface (Bearinger
et al., 2020). Additionally, previous work (Hakes et al., 2019)
presenting spatial maps of heat flux from individual firebrands
shows radiation measured by sensors near the firebrand, but
not in contact with it, indicating that even individual firebrands
produce radiative heat fluxes. A firebrand pile is a non-
contiguous heat source and, thus, expected to be dominated by
radiation (Babrauskas, 2003). In order to account for the effect of
ash on the surface of the WC-HFG, the gauge was regularly re-
painted and re-calibrated. The WC-HFG was inspected visually
after each test and was painted and calibrated with a frequency
based on visual inspection of the surface paint on the gauge and
heat fluxes reached during the test. Calibration was performed
using a radiant cone heater, comparing measured heat flux
values against a NIST-traceable calibration gauge. For smaller
firebrand loading conditions (at lower wind speeds), the gauge
was calibrated and re-painted at least every ten tests; for larger
firebrand loading conditions (and higher wind speeds), the gauge
was calibrated at least every five tests.

One concern with the use of a WC-HFG is whether the
cooling of the gauge will also provide cooling to the firebrand
pile. Previous work by Hakes (2017) compared the cooling to a
firebrand pile from two WC-HFGs of different diameters, a 2.54
cm diameter gauge and a 1.27 cm diameter gauge. The latter is the
size of the gauge used in the present study. That study found clear
effects of cooling from the 2.54 cm gauge: tests on 8 g firebrand
piles using the 2.54 cm gauge were 250–750 s shorter than those
using the 1.27 cm gauge. Additionally, heat fluxes measured were
on average lower when measured with the 2.54 cm gauge as
opposed to the 1.27 cm gauge, indicating a cooling effect from
the larger gauge. A comparison between heat fluxes measured
by the 1.27 cm WC-HFG and an array of 16 TSCs found that
heat fluxes measured by the WC-HFG were slightly lower than
those measured by the TSCs (Hakes, 2017). It is unclear whether
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these results indicate cooling from the 1.27 cm WC-HFG or a
heating time-lag associated with the TSCs. In the present study,
the uncertainty due to potential cooling from the WC-HFG is
estimated to be on the order of ∼10% at most. The potential
cooling was estimated for a firebrand pile at a temperature of
800◦C, an average based on Urbas et al. (2004), Caton et al.
(2016), and Urban et al. (2019), with a gauge held at the water
temperature of 20◦C, assuming radiative heat transfer between
the firebrands and the WC-HFG. Given the difference in size
between the pile and the gauge, cooling by theWC-HFG is∼10%
for the worst case scenario (i.e., the lowest longtime heat fluxes
measured). For the larger pile and highest wind cases, this loss is
expected to be much lower.

To provide a spatial representation of temperature, 16 TSCs
were fabricated in-house by spot welding a 30 gauge Chromel-
Alumel K-Type thermocouple to the back of a 1 × 1 cm
Inconel alloy 625 plate, of thickness 0.1 cm. The top surface
of the TSC was painted matte black using high temperature
Zynolyte paint in order to reduce the reflectively of the alloy
plate and, subsequently, the re-radiation from the TSCs to the
firebrands. The TSC array was split into two regions, as shown
in Figure 1a: a set of inner TSCs to determine the temperature
at the center of the firebrand pile, and a set of outer TSCs to
indicate the temperature at the edges of the firebrand pile. While
originally designed for heat flux measurements, TSCs have been
found to provide a reliable, spatially-resolved surface temperature
measurement, albeit with a slow time response. The viability of
using TSCs for temperature measurements at the surface was
verified by using five fine-wire, 30 gauge K-type thermocouples,
placed adjacent to the surface of five TSCs, which provided
relative measurements of temperature on the inert surface during
the test. Further details on the construction and selection of TSCs
can be found in Hakes (2017) and Hakes et al. (2019).

3.2. Ignition Tests
Ignition tests were performed by depositing firebrand piles over
target fuels which represented WUI materials. Three target fuels
were tested: marine-grade plywood, oriented-strand board (OSB)
and cedar shingles, all of which were chosen based on availability,

uniformity, and a range of densities which are expected to
produce varying ignition behavior. The density of each target
fuel was calculated using mass and volumemeasurements for five
samples of each fuel type after the samples had been fully dried to
0% moisture content (MC). The target fuel densities measured
were 565.4 ± 12.5, 662.6 ± 11.1, and 305.2 ± 5.0 kg/m3 for
plywood, OSB and cedar, respectively. Sample thickness ranged
from 0.7 to 1 cm for cedar samples and 1–1.2 cm for OSB and
plywood samples. For OSB and plywood, variation in thickness
was due to manufacturer error. For cedar samples, cedar shingles
decreased in thickness from one side to the opposite one.
Ignition tests were performed under a narrower band of wind
speeds from 0.5 to 1.4 m/s. Higher wind speeds resulted in a
rapid transition to flaming that was not sustainable in the test
apparatus. Aminimum of five test repetitions were conducted for
each fuel/wind speed condition.

The ignition test setup was instrumented with a side-view
video camera and TCs embedded in the target fuel to measure
both flaming and smoldering ignition times, shown in Figure 3.
Ignition timewasmeasured from the time of firebrand deposition
on the target fuel. The flaming ignition time was determined
using a video camera to observe when flames anchored to the
fuel surface, rather than to firebrands in the pile. The smoldering
ignition time was determined using five K-type thermocouples
pinned inside the target fuel, 0.5 cm below the top surface,
as shown schematically in Figure 1b. Smoldering ignition time
was determined as the time it took for one of the five TCs to
reach a threshold temperature. Preliminary tests were conducted
with a range of firebrand loading conditions to determine
a representative threshold temperature for smoldering. Target
fuel samples were extinguished and cut at various times to
expose the smoldering front, denoted visually as the blackened
section of the wood. For samples where this front reached the
embedded thermocouples, a threshold temperature of 200◦C was
determined, above which the fuel sample blackened completely.
This threshold temperature is thought to be lower than realistic
smoldering temperatures because thermocouples, initially in
contact with the sample, became detached from the wood when
the front approached. It is also possible that this blackened region

FIGURE 3 | (Left) Photograph of a sample of plywood instrumented with thermocouples and attached to the DAQ card used in the experiment and (right) a

representative smoldering firebrand pile with wind flowing from right to left.
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represented pyrolysis of the fuel; however, the fuel samples were
observed to be in a glowing condition at least at the surface
for the majority of tests where smoldering was indicated by
the temperature threshold. The thermal wave appears to move
linearly through the sample making the trends observed valid
regardless of the choice. This definitionwas still useful as it helped
to segregate a point of self-propagating smoldering; at lower
temperatures, smoldering was only maintained by the heating of
the firebrand pile. For all experiments, this threshold temperature
was reached first by TC3, the thermocouple below the center of
the pile, as shown in Figure 1b.

4. RESULTS

Results are presented first for inert thermal characterization tests
and second for ignition tests. Heat fluxes and temperatures from
the inert tests are compared with time to smoldering or flaming
ignition in the ignition tests to shed light on the phenomena
leading to ignition of different materials.

4.1. Inert Thermal Characterization
Both time-resolved single-point heat flux measurements and
time-resolved spatial temperature measurements were taken for
varying firebrand deposited pile mass and wind speed conditions.

4.1.1. Heat Flux Results

For each test, heat flux over time was recorded from the WC-
HFG. Subsequently, the heat fluxes from individual tests under
the same conditions were averaged to provide an average heat
flux curve for each pile size and wind speed test condition.
Figure 4 shows both the individual test heat flux curves as well
as the averaged heat flux curve for two test conditions: 16 g of
smoldering birch dowels deposited on the inert sensor array for
wind speeds of 1.2 and 1.4 m/s. For all tests, there is an initial
heat flux spike at the beginning of the test which is not sustained.
This spike occurs when the firebrand pile is first placed on the

WC-HFG and is not considered as part of the analysis here. After
the firebrand pile is deposited, the heat flux increases to a peak,
between 500 and 1,000 s on average in the tests shown here, then
decays gradually as the firebrand pile cools.

Included in Figure 4 is the standard deviation for the averaged
curve. The standard deviation between tests increases as the
variability of tests increases. The number of tests performed at
each condition was determined based on the variability of the
heat flux measurements from test to test. At 1.2 and 1.4 m/s,
which both lie at the transition point between smoldering and
flaming, 11 and 7 test repetitions, respectively, were performed.
A lower wind speed of 0.5 m/s exhibited repeatable behavior and
only three tests were performed. The large standard deviations
shown for 1.2 and 1.4 m/s are indicative of the stochastic
nature of transition between flaming and smoldering. Indeed,
even for experiments over an inert substrate, piles of firebrands
sometimes transitioned to flaming under high enough wind
speeds, dramatically affecting the heat fluxes measured. The
probability of transition to flaming for a firebrand pile on
the inert surface was determined from recorded videos of
experiments for each wind speed and deposited mass condition.
The transition from smoldering to flaming (using a probability
threshold of 0.5) occurred at around 1.2 m/s for 16 g and 1.4 m/s
for 8 g deposited mass piles. It is expected that the probability
of transition to flaming may be responsible for some of the
variability between the tests.

4.1.2. Temperature Results

For inert tests, temperatures beneath the firebrand pile were
recorded using the TSC array. Averaged temperatures of the
inner and outer group TSCs (shown in Figure 1a) provide
representative temperatures for the center of the pile and
perimeter of the pile, respectively. The averaged inner TSC
temperature provides a representative temperature for the area
around the WC-HFG. Figure 5 shows averaged center and
perimeter temperatures for two pile sizes under four different

FIGURE 4 | Heat fluxes recorded from a WC-HFG are shown for 16 g of smoldering birch firebrands deposited over the sensor array for 1.2 m/s (left) and 1.4 m/s

(right). The shaded area represents the standard deviation between tests. Dashed lines represent all individual tests recorded.
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FIGURE 5 | Averaged TSC temperatures for (left) a 4 g deposited mass pile and (right) a 16 g deposited mass pile. Solid lines represent inner TSCs; dashed lines

represent outer TSCs.

wind speeds. First, it is clear that temperatures increased as the
deposited pile mass increased. Additionally, the heating duration
also increased as the deposited pile mass increased, while the
duration of heating slightly decreased with higher wind speeds
owing to faster oxidation rates.

In larger piles the average temperature of the inner TSCs
reached 500-700◦C, close to expected values for smoldering
ignition under wind, while the center temperatures for the
4 g pile only reached approximately 400◦C, much lower than
what would be expected for a smoldering reaction under wind.
While averaged temperatures for the inner TSCs for the large
pile reach about 700◦C, the temperatures of individual TSCs
reached well over 900◦C instantaneously at higher wind speeds.
These temperatures correspond well with previously measured
temperatures by Urban et al. (2019) using color pyrometry.

A comparison between averaged temperatures at the center of
the pile and the perimeter of the pile show that, for the most part,
the center of the pile experiences higher average temperatures.
This trend is the clearest for the large 16 g pile shown on the
right in Figure 5; however, at lower wind speeds, there is little
difference between central and perimeter temperatures. For 0.5
m/s, neither the small nor the large pile experienced higher
center temperatures than perimeter temperatures. At 0.8 m/s, the
4 g pile shows perimeter temperatures that are slightly higher
than center temperatures. The difference between center and
perimeter temperature reached 200◦C for the 16 g pile under a
1.2 m/s wind.

The differences between the 4 and 16 g pile, both in terms
of temperatures reached and trends between the center and
perimeter of the pile, are expected to be the result of two
phenomena. First, sensors were more completely surrounded
for the large pile, while the small pile was sparse in nature,
resulting in poor coverage of the sensors. Second, visually,
the larger piles of smoldering firebrands reached a glowing
state as the wind speed was increased. It is expected that the
higher temperatures from the 16 g pile resulted in a firebrand

pile dominated by re-radiation. Additionally, the size of the
large pile, in comparison to the small one, served to better
insulate the firebrands from some of the convective cooling
effects from the surrounding wind. On the other hand, for
the 4 g pile, it is expected that conduction may still play a
significant role in heating. The sparse nature of the 4 g pile
more closely resembles contact from individual firebrands rather
than a pile structure which insulates, suspends firebrands, and
encourages re-radiation.

4.1.3. Peak Heating and Heating Duration

The above investigation of averaged temperatures indicated that
both pile size and wind speed have a considerable effect on
heating duration andmaximum temperatures. Similar results can
be seen when comparing the averaged heat fluxes for different pile
size and wind speed configurations. The effect of pile size and
wind speed on averaged heat flux is shown in Figure 6. As shown
for temperature in Figure 5, higher wind speeds are shown to
yield higher maximum heat fluxes and result in a shorter heating
duration. In Figure 6, it is clear that there is a large uptick in the
maximum heat flux as the mass of the pile increases from 4 to 8 g;
however, there is little difference between 8 and 16 g, except that
the duration of heating generally lasts longer for the larger pile.

The influence of wind speed and deposited pile mass on heat
flux and temperature can also be observed by investigating the
point values of peak heat flux and peak temperature, as shown in
Figure 7. Peak heat flux is seen to be highly dependent on wind
speed with a relatively linear increase in peak heat flux as wind
speed is increased. The differences in peak heat flux resulting
from pile size are mostly small and within the standard deviation
of other pile sizes, though 8 g piles experienced high peak heat
fluxes on average for wind speeds from 0.7 to 1.4 m/s.

The effect of wind speed on peak heat flux is anticipated as
higher wind speeds produce higher temperatures as a result of
increased surface oxidation. Increased oxidation will invariably
increase heat fluxes to the surface. As heat is released at a higher
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FIGURE 6 | (Left) Time-resolved heat flux for three deposited mass piles at 0.8 m/s wind. (Right) Time-resolved heat flux for a 16 g deposited mass pile under five

different wind speeds.

FIGURE 7 | Peak heat flux (left) and peak temperature (right) as a function of wind speed for three pile sizes. For most pile sizes, peak heat flux and temperature

increases with increasing wind speed. Peak temperatures are shown for inner TSCs (squares) and outer TSCs (circles).

rate, firebrands burn out faster, resulting in a reduced duration of
heating. While increased wind speeds may increase the cooling
rate from firebrands, it appears that the effect of increased rates
of oxidation is considerably larger than any cooling effects within
the regimes tested here.

Peak temperature shows somewhat different trends from peak
heat flux. While peak heat flux depended mostly on wind speed,
peak temperature is dependent on both pile size and wind speed.
While the two larger piles experience similar peak temperatures,
the 4 g pile reaches much lower peak temperatures. This is due
to the smaller bulk density in the 4 g piles, which results in

decreased interaction between firebrands and a larger cooling
effect from the wind. Although there is generally an increase of
peak temperature with wind speed, there are more variations
for sensors along the perimeter (outer TSCs). This variation is
likely due to the fact that the sensors on the edges of the pile
were sometimes more sparsely covered than those at the center
of the pile and subject to more convective cooling effects from
the wind. An effect concealed here is the area that receives
this heat flux. A larger pile will heat a larger area, which is
indicated by the large peak temperature differences for the
outer TSCs.
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4.2. Ignition Results
In order to understand ignition behavior, smoldering and
flaming observations and times were compared over a range
of wind speeds for the three different target fuels tested. All
samples experienced smoldering on the surface. Some samples
also experienced in-depth smoldering or flaming ignition.
In intermediate regimes where conditions could cause either
smoldering or flaming, tests were repeated above the minimum
five repetitions per scenario. Surface smoldering occurred early
in the test for almost all conditions studied, and eventually
propagated in-depth in the target fuel for some conditions. In
some cases, especially those with high wind speeds and a low
target fuel density, transition to flaming occurred and flames
appeared on the surface of the fuel.

In order to determine which tests experienced flaming of the
target fuel, it was necessary to distinguish between flaming of the
firebrands (which occurred even in some inert tests) and flaming
ignition of the target fuel. Figure 8 shows the difference between
flaming of the firebrand pile and flaming ignition of the target
fuel. The flames over the glowing firebrands appear higher in the
photograph, while the flame anchored to the target fuel surface is
visually lower down, indicating the location of the top surface of
the target fuel. Flames over the firebrand pile usually started at the
top of the pile and moved to the left of the pile (downwind). On
the other hand, flaming ignition of the target fuel typically started
at the boundary of the fuel and pile of firebrands, at the right side
of the pile (upwind). These flames were typically anchored to the
target fuel surface.

A representative time to smoldering and time to flaming
ignition was determined in each case and used to quantify

ignition conditions for different materials. Self-sustained
smoldering of the target fuel was quantified with a time to
smoldering, defined as the time when smoldering propagated
to a 0.5 cm depth in the target fuel. Therefore, the smoldering
times shown do not represent surface smoldering but in-
depth smoldering. Time to flaming ignition is the time when
smoldering at the surface of the fuel transitioned to flaming
ignition at the surface of target fuels. After observing a flame
at the surface of the fuel, the test was ended and the time to
flaming was recorded. Time to smoldering was only collected
from samples without flames observed at the surface of the fuel,
i.e., flaming ignition. This was due to the fact that flaming, if
it occurred, happened quickly, whereas in-depth smoldering
would be observed at later times. Therefore, tests with flaming
on the surface of the fuel were ended before smoldering was
measured in-depth. If flaming samples were allowed to continue
to burn, which was allowed to occur in limited cases, they would
eventually burn through the entire sample.

Figure 9 shows the time to ignition for both in-depth
smoldering and flaming as a function of wind speed for the three
fuels tested. The ignition times presented here represent cases
where either smoldering or flaming occurred, not a transition
from one to the other. Under certain wind speed and firebrand
loading conditions not all tests transitioned to flaming, as
indicated by the flaming propensity. In order to explore this
transition region, additional ignition tests were conducted in the
0.8–1.4 m/s wind speed range.

The density of the fuel bed was found to be a critical parameter
related to propensity of smoldering ignition. A higher fuel density
resulted in generally longer times to smoldering ignition. This

FIGURE 8 | Photograph showing flames present both over the pile of firebrands, downwind and attached to the glowing firebrands, and over the fuel surface, upwind

and anchored to the fuel surface.
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FIGURE 9 | Time to smoldering ignition (left) and time to flaming ignition (right) as a function of wind speed for three fuels and 16 g firebrand piles. Each point is

averaged with error bars representing the standard deviation between values from individual tests. The flaming propensity is the ratio of tests that transitioned to

flaming over those that did not; darker colors indicate a higher likelihood of transition to flaming.

effect is clearly seen for the lowest density material, cedar,
which experienced the shortest ignition times and the greatest
propensity for flaming. Smoldering ignition times decreased
slightly and becamemore repeatable at higher wind speeds, while
lower wind speeds exhibited more stochastic behavior. Many
factors, including wind speed, firebrand pile mass, and target fuel
density, influenced transition to flaming. Ultimately, higher wind
speeds were more likely to transition to flaming. For low wind
speeds, ignition behavior was found to be more variable and the
probability of flaming on the fuel surface was low, especially for
high fuel density.

4.3. Heat Flux at Ignition
While ignition times are important for a particular set of
experiments, ultimately criteria are needed to fully describe
ignition conditions. There are several different types of ignition
criteria–critical temperature at ignition, critical mass flux, and
critical heat flux at ignition–for each material. For radiation-
based steady heating, it is possible to define a critical heat
flux which, when sustained for a certain period of time, will
result in ignition. Quantifying critical heat fluxes from firebrand
piles is more complicated as heat fluxes change as a function
of time. In some situations, values of instantaneous heat flux
at ignition may be higher than the steady critical heat flux
value (Santamaria and Hadden, 2019). Studies on transient
heat flux (Bilbao et al., 2002; Lizhong et al., 2007; Zhai et al.,
2017; Gong et al., 2018; Santamaria and Hadden, 2019) have
investigated time to ignition for transient as opposed to constant
heat flux, including investigating the ignition criteria of critical
temperature, critical heat flux, and critical mass flux; however,
these studies have focused on incident radiative heating. Studies

by Vermesi et al. (2016, 2017, 2020) have investigated ignition of
various materials exposed to transient heat fluxes and found that
dual-criteria may be more accurate to describe ignition rather
than a single criterion.

Most previous studies on transient heating focus either on
increasing or decreasing heating. The heat flux from the firebrand
pile provides both increasing and decreasing heating, depending
on the portion of the test. As described previously, the heat
flux profiles in these tests increase to a peak heat flux and then
gradually decay. As the wind speed is increased, the peak heat
flux achieved also increases, but the heating occurs over a shorter
duration. In order to look at whether ignition occurs under
the increasing or the decreasing part of the test, flaming and
smoldering ignition times for target fuels were plotted on the
averaged time-resolved heat flux curves, as shown in Figure 10.
These results are shown for three wind speeds and all three
target fuels. For all fuels and wind speeds, both smoldering
and flaming ignition occur under a region of increasing
heat flux.

Although the value of the heat flux at ignition may not be able
to provide in itself a critical ignition criterion, the heat flux at
the time of ignition may still be useful to assess and compare the
relative conditions occurring at the point of ignition for different
fuels. For smoldering ignition, there is a clear increase in the value
of heat flux at ignition as wind speed is increased. For flaming
ignition, a similar increase occurs from 0.5 to 0.8 m/s, but not
for higher wind speeds. It is interesting to note that differences
between the heat flux at ignition for smoldering and flaming
ignition are minimal. Note that smoldering ignition here is again
the in-depth smoldering propagation measured at 0.5 cm below
the fuel surface.
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FIGURE 10 | Averaged heat flux curves for inert tests under three wind speeds and a 16 g firebrand pile. Time of flaming (red) or smoldering (black) ignition is marked

on the heat flux curves for three fuels, cedar, OSB, and plywood.

The heat flux at ignition shown here illuminates some trends
in smoldering and flaming ignition for different target fuels,
but it does not fully describe the ignition process. It only
provides a point value to describe an ignition condition and so
is unable to account for the changing heat flux leading up to
ignition or the duration over which this heat flux occurs. In
determining ignition criteria, it is notable that ignition occurs
during the increasing heating phase. Previous work on ignition
under increasing radiant heat flux suggests defining the critical
ignition criteria using a ratio between the surface losses and the
incident heat flux (Santamaria and Hadden, 2019). For radiant
heating, it is possible to develop a simplified one-dimensional
model; however, the energy balance for the firebrand pile is more
complicated and may require numerical simulations to provide
further insight.

5. DISCUSSION AND CONCLUSIONS

Several factors were found to be critically important to the
ignition of fuels, namely, the ambient wind speed, the firebrand
pile mass, and the density of the target fuel. A large number of
repetitions of several experimental conditions were conducted
due to the stochastic nature of the transition from smoldering
to flaming and natural variability in wood samples. Despite
the high variability, some key trends were extracted from these
experiments. Both the temperature beneath the firebrand pile
and the heat flux from firebrands over an inert sample increased

with increased wind speeds as a result of more rapid oxidation
in firebrands. For ignition tests, these increases in temperature
and heat flux were reflected in the decreased time to ignition
and increased likelihood of flaming ignition of the target fuel
under higher wind speeds. For both smoldering and flaming
ignition, density of the target fuel was found to be the most
important factor.

Results point to interesting interactions between firebrands
once they are deposited in bulk over a surface. In particular,
firebrands at the center of a pile have higher temperatures than
surrounding firebrands, which are losing heat to the surrounding
environment. Interactions between firebrands in the pile and
enhanced oxidation driven by the wind overcomes some cooling
effects and results in increased temperatures and heat fluxes with
higher wind speeds. The role of re-radiation within the pile was
not explicitly explored, but may be important here. Wind speeds
were varied from 0.5 to 2.0 m/s for inert tests, and heat flux
trends for those wind conditions were illustrated. In particular,
tests at higher wind speeds resulted in higher peak heat fluxes
and shorter test duration. While not possible in this work, it
is important to consider conducting experiments with higher
wind speeds in the future, as higher wind speeds may provide
increasing rates of cooling to the firebrand pile and affect the
trends found.

The ignition of a target fuel is complex and influenced by a
number of factors. In this study, a number of simplifications were
made to isolate the effects of wind speed, pile size, and target
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fuel type. The present work shows that ignition, at least for the
configuration considered here, occurs under the increasing heat
flux regime. Future work should consider expanding to more
complex and realistic considerations, including fuel geometry,
additional fuel types and fuelmoisture content (MC). To simulate
a worst-case scenario, the MC of the fuels remained zero in all
experiments; however, MC may have a non-negligible effect on
ignition and should be considered in future tests. A flat fuel
surface presents a perfect configuration for this fundamental
study, but future work will have to address more complex
geometries. Other geometries, such as crevices, L-shaped walls,
and corners, are more common accumulation points in real
fires than the flat surfaces studied here. It will be important to
understand how geometry influences ignition of a dense fuel on
a small-scale.
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