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Abstract

Firebrand spotting is a significant mechanism for structure losses in wildland-urban interface (WUI) fires. In this
work, the ability of firebrand accumulations to cause flaming ignition of an engineered wood material, Oriented
Strand Board (OSB), under different flow conditions was experimentally studied. The firebrands were emulated
by burning wooden dowels of two sizes, 6.35 & 12.7mm. Firebrands were dropped onto on the fuel to form
accumulations, with the coverage densities of 0.06 to 0.16g/cm2 on the fuel surface. The surface temperature
of glowing combustion on the firebrands was measured with color ratio pyrometry. The ignition outcome results
show a similar hyperbolic relationship between air flow and coverage density for both firebrand sizes although
accumulations of small firebrands can cause the ignition faster. A firebrand combustion model was adopted to
predict the surface temperature of accumulated firebrands considering re-radiation between nearby firebrands.
A correlation between the ignition time and characteristics of accumulations was also established based on a
theoretical combustion and heat transfer analysis.

Keywords: Firebrand Spotting; Spot Ignition; Wildland-Urban Interface Fires; Firebrand Accumulation; Glowing Combustion

1

https://doi.org/10.1016/j.proci.2024.105746


This is the accepted manuscript of a paper that has been published:
L. Zhu, & J.L. Urban. Analyzing the ignition capabilities of glowing firebrand accumulations.
Proceedings of the Combustion Institute, 2024. doi:10.1016/j.proci.2024.105746

1. Introduction

Wildland-Urban Interface (WUI) fires, driven by
climate change and human expansion into wildland
areas, continue to pose a significant threat to commu-
nities by causing losses of life and property around
the world. One of the primary ways by which wild-
fires can rapidly spread into WUI communities is via
firebrand spotting[1]. Firebrands are typically defined
as airborne burning embers (or other hot objects) gen-
erated by burning vegetation or other flammable ma-
terials in wildfires[2]. They are known to be able
to travel long distances by wind and accumulate on
combustible structural materials inducing spot fire
ignition or igniting fine fuels[3] , which increases
the difficulty of firefighting and fire protection. Un-
der certain flow and surface conditions, firebrands
will accumulate near structures[4, 5]. These fire-
brand accumulations can act as a more competent ig-
nition source than single firebrands[6]. By cooper-
atively heating the recipient fuel, firebrand accumu-
lations can permit spot ignition to be made possible
or faster, compared to a situation with only one (or
fewer) firebrand(s)[7, 8]. There are an abundance
of large-scale experimental studies demonstrating the
ability of firebrand accumulations to ignite structural
fuels[6, 9–12].

Several studies measured the ignition capabilities
of firebrand accumulations/groups to ignite materi-
als ranging from fine fuels [13–15] to structural fu-
els [16–21]. The ignition studies have primarily fo-
cused on compact (high coverage density) accumula-
tions, in some cases with firebrands stacked as 2cm
high[17]. These studies found that larger firebrand
accumulations[21] and larger coverage densities[17]
increased the ignition propensity. The authors pre-
viously investigated the critical separation conditions
for firebrands to act as a firebrand accumulation
through idealized firebrand experiments and physi-
cal modelling[16] and similar modelling has also per-
formed by other researchers[22].

Bench-scale studies have considered the heat trans-
fer from single- or accumulated-firebrands to in-
ert substrates or sensors with different measurement
methods. It was found that firebrands can cause peak
heat fluxes up to 70kW/m2 to inert substrates or sen-
sors and the heat flux was found to change depending
on the firebrand geometry, pile size, air flow condi-
tions, etc.[19–21, 23–26]. Various researchers have
used analytical firebrand combustion models for sin-
gle firebrands, accounting for mass convection lim-
ited burning[27], and one study developed and val-
idated an analytical model accounting for the re-
radiation effect between firebrands in an array[28].
These studies provide crucial insight into how fire-
brand accumulations transfer heat to- and ignite- the
fuel in this study.

Firebrand accumulation is an important way in
which firebrands can ignite structures in wildfires.
Research has shown that the ability to cause ignition
is strongly dependent on the supply of oxygen by the

wind. Similarly, research has shown that firebrand
size and proximity of other firebrands can impact of
temperature of the firebrands[28], and thus the heat
transfer to fuels and their ignition capability[16]. This
study seeks to understand how characteristics of the
firebrand accumulation (size of firebrands, accumula-
tion coverage density) and wind impact the oxygen-
limited heat release of the firebrands and heating and
ignition of the fuel. This is investigated through
experiments with a structural fuel, Oriented Strand
Board (OSB), two firebrand sizes, four coverage den-
sities, and six air flow speeds. Ratio pyrometry is used
to monitor the combustion of the firebrands, and ana-
lytical models are used to characterize the combustion
behavior of the firebrand and the ignition of the fuel.
From these models a physical correlation is developed
explaining the ignition time results.

2. Experiment Description

2.1. Experimental setup and procedures

The experimental setup is shown in Fig. 1, which
consists of a firebrand preparation setup and a bench-
scale flow duct for ignition tests. The duct has
a 20×20cm2 cross section with a variable-speed
blower fan that can generate air flows in the range of
0.5−3.0m/s.The air speeds are intended to be similar
in magnitude to calculated local air flow speeds near
accumulations and estimates of critical windspeeds
for firebrands to be pushed along the floor, 2.3 m/s
[4, 5]. A honeycomb insert and several mesh screens
in the conditioning section are used to ensure uniform
flow into the test section. The flow within the test
section was verified using a hot wire anemometer be-
fore the tests in the absence of firebrands. Borosilicate
glass windows on both sides and above the sample al-
low visual access to sample and firebrands.

As seen in Fig. 1c, the fuel is 12×12cm2 and
mounted flush along the centerline of the floor. Fire-
brands were deposited on the central 10×10cm2 test-
ing area on the sample surface. The fuel, Oriented
Strand Board (OSB) with a thickness of 11mm, was
found to have a density of 609±28kg/m3. The fuel
was oven dried (100◦C for 12hrs) before tests to
remove moisture (FMC ≈ 0%) with no detectable
change in mass with further oven drying. A side-view
camera was employed to capture ignition events of the
fuel. The surface temperature of glowing portions of
the firebrand accumulation were measured with color
ratio pyrometry using a top-view camera (Sony RX10
M4).

Cylindrical yellow pine wooden dowels of two di-
ameters, d=12.7 & 6.35mm, both 25mm long were
used to emulate smoldering firebrands in wildfires.
Before preparation, the virgin dowels had an oven-
dry density of 590±45kg/m3. At the start of tests,
the firebrands were prepared by exposing a desired
initial mass of dowel pieces in a wire mesh basket to
a propane flame[19, 21]. The burner was turned off
after approximately 120s, allowing flaming dowels to
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Fig. 1: (a) Firebrand generation setup, (b) Bench-scale flow duct with associated instrumentation and removable lid for depositing
firebrands, (c) schematic up of the fuel surface. (figures not to scale)

burn freely and transition into glowing firebrands (no
visible flames). In this work, glowing combustion was
considered to be a form of smoldering combustion
where high surface temperatures in excess of approxi-
mately 600◦C causing the fuel surface to incandesce.
In the present scenario this is enabled by the absence
of endothermic pyrolysis reactions and the presence
of forced convection of oxygen to the fuel surface.

A thin insulation board held vertically above the
funnel center was used to remove the horizontal mo-
mentum of firebrands ensuring a relatively uniform
deposition without firebrands piling on only one part
of the fuel in every test. This approach was found
to produce repeatable deposition without preferential
landing of firebrands. Note that the exact arrangement
of deposited firebrands was still random. The initial
deposited mass of different firebrand coverage densi-
ties was estimated by quenching glowing firebrands
in a water pan. The firebrand samples collected from
different initial masses were measured to have no sig-
nificant difference in average size and mass. The
size (projected area and mass) of the firebrands over-
laps with measurements of firebrands generated by
structural fuels[8] and vegetation [29]. For each fire-
brand size, four different coverage densities, ϕ, rang-
ing from 0.05 to 0.16g/cm2 were studied (roughly
16-292 firebrands were deposited depending on the
cases), representing conditions from loose accumula-
tion that does not cover the entire test area to condi-
tions where firebrands noticeably stack one another
(i.e., firebrand pile). Each case was repeated 6 to 14
times with a total of over 300 tests performed.

2.2. Color ratio pyrometry

Color ratio pyrometry has been used as an optical
method to measure the surface temperature of glow-
ing particles/firebrands with an advantage that it does
not require the knowledge of firebrand and ash layer’s
surface properties[27, 30, 31]. It can be accomplished
with a digital color camera with a built-in bayer filter
array that separates light into red, green and blue color
channels which are the combined intensity of incom-
ing light in three different overlapping spectral bands
corresponding to each color channel. The temperature

measurement is achieved by measuring a ratio of two
color channel intensities and determining the black
body temperature that produces same observed inten-
sity ratios. Relating the temperature of the glowing
firebrand to the color ratio can be achieved through
a thorough characterization of the camera spectral
response[27] or calibration with a blackbody radia-
tion source[30, 32]. In this study the calibration with
a blackbody radiation source is used.

The surface temperature of firebrands is deter-
mined by finding the temperature that produces the
same predicted color ratio based on the calibration
curve. For hot objects such as glowing firebrands, the
ratio G/R was selected for curve fitting because it
yields the highest signal-to-noise ratios. As seen in
Fig. 2, the temperature is correlated as a linear func-
tion of G/R (black line in Fig. 2) and the borosilicate
glass window was found to have a no significant effect
on the correlation. The details of applying pyrometry
techniques for firebrands can be seen in Refs. [27, 30].

Fig. 2: Ratio pyrometry calibration curve.

3. Results

3.1. Ignition results

Each test resulted in one of two possible outcomes:
No Ignition (NI) or sustained Flaming Ignition (FI).
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Fig. 3: NI and FI regimes of OBS exposed to firebrands of
two sizes (a) d=6.35mm & (b) d=12.7mm. Circles are col-
ored according to the observed FI probability with a colorbar
and 50% FI probability is shown with blue line.

Smoldering Ignition (SI) was not studied as there is
no clear evidence of self-sustaining smoldering of
the OSB fuel leading up to ignition in the experi-
ments. The observed FI probability, p̂FI , is the frac-
tion of replicate tests resulting in FI. In this study,
FI was determined by visual observation of persis-
tent flames attached on the exposed fuel surface. Fur-
thermore, preliminary experiments were conducted
on an inert substrate and smoldering-to-flaming tran-
sition of firebrands was not observed from the de-
posited firebrands within the range of air flow speeds
in this study. Thus, smoldering to flaming transi-
tion of the firebrand was not analyzed here. Fig. 3
shows the ignition results as an observed FI probabil-
ity noted by the color. Logistic regression was used
to find the FI/NI boundary where the FI probability,
pFI=50%. The logistic function, pFI=1/(1+e−f ),
with f=a+bU for each firebrand size, d, and cover-
age density, ϕ, is used to obtain the critical air speeds.
The FI/NI boundary lies where f=0 and is found
by connecting these points with straight lines. It is
seen from Fig. 3 that the FI/NI boundaries exhibit
a shallow hyperbolic relationship between the cover-
age density and flow speed although the boundary for
large firebrand size is less consistent.

In general, the ignition results including time to
ignition, showed greater variation for the larger fire-
brand size. The FI/NI boundary in Fig. 3b shows
non-monotonic behavior with varying coverage den-
sity, which is attributed to the fact that the number of
firebrands deposited is less than for the smaller size at
the same ϕ and hence entails more random firebrands

deposition on the fuel. Within the range of coverage
densities examined in this work, the FI/NI boundaries
for both sizes are seen to be similar, with the required
air speed roughly in the range of 1.5−2.0m/s. When
the air speed is at or below 1.2m/s, FI is not observed
or occurs with low probability (p̂<20%). For the
smaller firebrand size, it is also seen that the bound-
ary is flatter, demonstrating that the ignition capability
of firebrand accumulations is significantly less sensi-
tive to coverage density compared to wind. This be-
haviour is less clear for large firebrand size in the cur-
rent study, but it appears to follow the same trend.

The impact of air flow on the observed ignition ca-
pability is similar to other studies examining the abil-
ity of firebrand groups to ignite OSB, but there are
differences. The present work finds a similar crit-
ical wind speed for FI as one study[18], however
that study found increasing the wind speed yields
non-monotonic behavior in ignition probability with
u=2.7m/s yielding an 11% ignition probability while
the most similar conditions in this study find 100% FI
probability. This previous study employed a sample
width of 50mm, half that of the current study and re-
ported that the length of the sample facing the incom-
ing air flow had a large effect on the observed igni-
tion probability. The larger sample width was found
to provide more local sites for local ignitions to oc-
cur and thus more chances for a given test to result
in FI[18]. Another study[19] observed a monotonic
trend of FI probability with air speed, as seen in the
present study, but saw infrequent FI events at lower
flows.

The mean times to FI of the OSB from replicate
tests are summarized in Fig. 4a & b. The dependence
of time to FI on the flow speed, u, and the firebrand
coverage density, ϕ, is clearly seen from the trend,
with higher coverage density and air speed resulting
in shorter time to ignition. All observed FIs induced
by accumulations of small firebrands took place dur-
ing the first 20s of the test, while large firebrand tests
with the same ϕ took longer. There are several pos-
sible effects to explain this finding. First, the sur-
face area to volume ratio of the smaller firebrands is
roughly twice as large for the larger firebrand size.
Thus, because the combustion of the firebrands is as-
sumed to be limited by convective transport of oxy-
gen, the heat release per unit mass of firebrands (or for
a given ϕ) will be higher (approximately twice) for the
smaller size. Similarly, the projected area of the fire-
brand accumulation to mass ratio of firebrands is also
approximately twice that for the large firebrand size.
This effect essentially means that the smaller fire-
brands accumulate over a greater portion of the fuel
surface compared to larger firebrands at the same ϕ
and as a result the gaps between firebrands are small,
which was observed in the experiments. With the in-
creased proximity of the firebrands, there should be
a stronger cooperative ignition effect[16] and the ra-
diative heat losses of the firebrands should be smaller
because the firebrand will re-radiate to each other[28].

Fig. 4c & d shows typical FI cases and all of
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Fig. 4: (a) & (b) show the mean times to FI of the OSB for both firebrand sizes. Error bars indicate ±1 standard deviation from
replicate tests. (c) & (d) display typical FI cases (ϕ = 0.12g/cm2; u = 2.3m/s) in the experiments. FI was observed to occur
within the upwind area of fuel. (e) & (f) show mean flame duration on the fuel surface after FI occurs. Flames were manually
extinguished as they lasted over 300s.

the ignitions were observed to occur in the upwind
area nearest the incoming air flow and undergo the
strongest glowing combustion. In the experiments,
the majority of the flames were seen to emerge from
underneath or between neighbouring firebrands and
multiple ignitions were observed in the upwind area at
large flow speed. Fig. 4e & f shows the flame duration
for cases resulting in an FI outcome. It is clearly seen
that the flame duration increases with airflow and gen-
erally with coverage density. It is noticeable that the
flames sustain significantly longer on the fuel surface
for the large firebrand cases although the ignition pro-
cess by accumulations of small firebrands is shorter.
This is believed to be because the burnout time of
glowing firebrands should increase with size[28].

3.2. Glowing combustion of firebrands

The surface temperatures of glowing combus-
tion in firebrand accumulations under different flow
speeds were measured using color ratio pyrometry as
shown in Fig. 5. Images of glowing firebrands de-
posited on the fuel surface were taken at an inter-
val of 10s after the flow duct was closed after de-
position. For applying color pyrometry, the ratio
G/R was found for each pixel in the images and
then the temperatures were calculate according to cal-
ibration function (Fig. 2). Pixel temperatures out-
side the range 650−1200◦C were removed. A chal-
lenge in this work is that portions of the fuel sur-
face were illuminated by firebrands undergoing strong
glowing combustion and could report false tempera-
ture within an accumulation of low coverage density.
A threshold value of the green channel was found to
remove most of the reflections because the reflected
light is much dimmer than that from glowing fire-

brands. In addition, an imaging processing algorithm
(skimage.morphology.remove small objects) was ap-
plied to remove reflection, leaving a small fraction of
reflection pixels (on average < 2% of the total glow-
ing pixels). These remaining pixels of reflected light
are expected to have a small impact on the average
temperature because the spectrum of the light should
be similar to that from the glowing combustion.

Fig. 5 presents an example of temperature mea-
surement results for a firebrand accumulation. Fig. 5b
shows the temperature of glowing firebrand surfaces
by color ratio pyrometry and the glowing combus-
tion activity of imaged firebrands (Fig. 5a). It can
be seen that most of the glowing combustion appear
in the upwind area with less glowing surfaces ob-
served in the middle and downstream area. This is
attributed to the decrease in oxygen supply to the fire-
brand surfaces along the flow direction as the oxy-
gen is consumed by glowing combustion. Because
the glowing combustion is rate limited by oxygen, the
heat release correspondingly decreases along the flow
direction. The glowing temperatures range between
700−1100◦C as is seen from the temperature distri-
bution of pixels in Fig. 5c, which is similar to previ-
ous research[27, 28, 30] of suspended firebrands. It
however should be noted that this temperature does
not represent the average temperature of the entire ac-
cumulation because there are portions of firebrands
within the accumulation that are not hot enough to
visibly incandesce.

Fig. 6 shows the mean glowing surface tempera-
ture of firebrands in the upwind area during the first
80s for different coverage densities and flow speeds.
The upwind area is where the ignition of fuel occurs
and thus is of significant interest in this study. A trend
of glowing temperature increasing with flow speed is
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Fig. 5: Color ratio pyrometry results from a representative case (d = 12.7mm; ϕ = 0.12g/cm2; u = 2.3m/s). The cropped
area shown is the deposition area of the fuel bed (10×10 cm2). (a) shows a color snapshot (JPEG) taken immediately after the
flow duct was sealed. (b) & (c) plot the corresponding surface temperature and distribution of glowing combustion temperatures.
The mean glowing temperature in this case is obtained as 897± 67◦C.

Fig. 6: The mean glowing surface temperature in the upwind
area over the first 80s for both firebrand sizes. Error bars
show ±1 standard deviation from replicate tests.

seen for both firebrand sizes, with the mean glowing
temperature up to 930◦C at 2.7m/s. For each fire-
brand size, different coverage densities under same
air flow conditions have similar temperatures.

4. Discussion

4.1. Accumulated firebrand combustion model

To better understand the experimental results, a
convection driven firebrand combustion model is
adopted from the literature[28] to calculate the sur-
face temperature of glowing firebrands within an ac-
cumulation under forced convection. The reader is
referred to Ref[28] for more detail and discussion of

the model. However, the surface energy balance of a
deposited firebrand in an accumulation is modified as:

q̇′′HRRAs = q̇FB→∞ + q̇FB↔FB + q̇FB→fu (1)

where q̇′′HRR is the heat release rate of the char ox-
idation reaction, calculated as ṁ′′

c∆hc, As is the
firebrand surface area, q̇FB→∞ is the radiation and
convection heat loss from the firebrand to the am-
bient; the heat transfer to the fuel, q̇FB→fu, is as-
sumed to be primarily through radiation because of
the very small contact area between the firebrand and
fuel surface[33, 34]. The firebrands are assumed to
be distributed with even space between them and ex-
change no net heat as two neighboring hot firebrands
of close proximity re-radiate mutually, q̇FB↔FB≈0.
Thus Eq. (1) becomes:

ṁ′′
c∆hc=h(TFB−T∞)+ετσ(1−2F )(T 4

FB−T 4
∞)
(2)

where ∆hc is the heat of combustion for wood char;
h is the convective heat transfer coefficient, TFB and
T∞ are glowing and ambient temperatures; ετ is the
product of the char emissivity and ash transmissivity,
0.7[27, 30]; σ is the Stefan-Boltzmann constant; F
is the view factor between two firebrands, estimated
using two separated parallel cylinders. F depends
on the coverage density varying from 0.07−0.18 and
0.16−0.18 for large and small firebrands sizes re-
spectively. The convective burning rate of the char
surface is given as[28]

ṁ′′
c = ρ∞NuDO2/airln(1 +B)/d0 (3)

where ρ∞ is the ambient air density; DO2/air is
the diffusion coefficient of oxygen in air; B is
the Spalding mass transfer number, approximated as
B=Yo2,∞/r0; r0 is the oxygen-to-fuel ratio, taken
as 2[28]; d0 is the initial firebrand diameter. The
heat transfer coefficient is estimated with the Nus-
selt number, h=Nu·k/d0, where Nu was found using
the correlation[33], Nu=0.683Re0.466Pr1/3, where
Pr is the Prandtl number of air, Re≡ud0/ν is the
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Reynolds number, u is the flow speed; ν is the kine-
matic viscosity of ambient air. The surface temper-
ature of glowing firebrands is obtained by solving
Eq. (2) for each test condition.

Fig. 7: Comparison of temperatures from model and exper-
iments. Shaded regions marking the variance of tempera-
ture predictions if the emissivity is changed by ±0.1. Refer-
ences include temperature measurement by ratio pyrometry
on firebrands with similar diameters in this study.

Fig. 7 compares the temperature from the model to
the measurement by ratio pyrometry. It is seen that
the model results overall agree qualitatively with the
experimental measurement, with surface temperature
increasing with Re and higher temperatures observed
for the smaller firebrands. Good quantitative agree-
ment is observed for the small firebrand size, but the
agreement for the large firebrand size is less good. In
the pyrometry measurements, a significant trend with
coverage density was not observed, in contrast the
model predicts large effect of coverage density for the
larger firebrand size from re-radiation effects which is
not observed in the measurements.

As mentioned earlier, the large firebrand tests con-
sistently showed less repeatable results compared to
the smaller firebrand tests. One explanation is that
the projected area of larger firebrands was roughly
half that of the small firebrands. Thus, more of the
fuel surface was not covered by the accumulation
and thus the gap between large firebrands could vary
more. In addition, for the complex scenario stud-
ied in this work, there are other aspects that could
influence the glowing combustion of the firebrands
of all sizes including the random deposition of fire-
brands, change of morphology (firebrands may shat-
ter), and complicated airflow over firebrands. These
aspects could possibly change the magnitude of con-
vective mass transport of oxygen to the glowing fire-
brand surfaces surface and subsequently impact the
local surface temperature of firebrands within an ac-
cumulation, which is not accounted for in the Nusselt
number correlation employed in this work. A more
detailed treatment of the convective mass transfer to
a group of randomly deposited firebrands could al-
low for better prediction of the glowing behavior in
the downwind areas of the accumulation. However
the random accumulation geometry makes it difficult
to resolve this process in detail. Recent research has

moved towards this direction, finding Nusslet number
correlations for well-arranged individual- and groups-
of cylinders laying on the floor of a flow duct[35]. In
this work they find that the mass transfer (i.e., Nusselt
number to firebrands toward the leading-edge and top
of the pile are higher than the downstream firebrands
like is observed in the experiments (e.g., Fig. 5).

4.2. Ignition Phenomena

A theoretical analysis was developed to investigate
the dependence of ignition capability of firebrand ac-
cumulations on the firebrand size, d, the coverage
density, ϕ, and air flow, u. The heat transfer pro-
cess after the firebrands are deposited on the fuel can
be expressed as the energy balance of the heated por-
tion of the fuel surface starting from state right after
deposition to the moment of ignition. Based on the
observation that FI occurs in the upwind area of the
fuel bed, an assumption is made such that glowing
firebrands within the upwind area play a primary role
in heating of the fuel. It is assumed that the glowing
combustion acts as an ignition pilot, and thus flaming
ignition occurs when the fuel temperature reaches the
pyrolysis temperature, Tp.

(cρ)fAupδ(t)(Tp−T∞)=QFB→fu−Qfu→∞ (4)

where δ(t)=
√︁
tignkf/(ρc)f is the portion of the

fuel heated before ignition or the thermal penetration
depth, kf , cf and ρf are the fuel thermal conductiv-
ity, heat capacity and density respectively; Aup is the
upwind fuel area (Fig. 1c); Qfu→∞ is the convec-
tion and radiation heat transferred from the fuel to the
ambient; QFB→fu is primarily radiation heat trans-
ferred from firebrands to the fuel. From 0s → tign,
QFB→fu is therefore described as:

QFB→fu ∝ QHRR,acc = nAsq̇
′′
HRRtign (5)

where n is the number of the glowing firebrands in the
upwind area; As is the firebrand surface area; q̇′′HRR

is obtained from Eq. 1.
It is assumed that before ignition,Qfu→∞ is small

in part because a significant portion of the fuel surface
is covered by firebrands which also obstruct airflow
from cooling the entire surface. Substituting Eq. (5)
into Eq. (4) yields:

1√
tign

∝ nAsq̇
′′
HRR

Aup

√︁
(kρc)f (Tp − T∞)

(6)

which can be rewritten using the coverage (projected)
area of a firebrand on the fuel surface, Ac≈d0L0.

1√
tign

∝ ψπq̇′′HRR√︁
(kρc)f (Tp − T∞)

(7)

with ψ defined as the accumulation factor which de-
scribes the firebrands coverage conditions from accu-
mulation of different coverage densities. It is calcu-
lated assuming uniform firebrand landing as:

ψ =
nAc

Aup
=

4ϕ

πd0ρFB
(8)
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where ρFB is the average glowing firebrand density
from the experiments. Inspection of ψ reveals that
the firebrands within an accumulation would occupy
the the entire test area and noticeably stack up as a
pile when ψ > 1, otherwise it could be considered
as a loose accumulation. This is overall consistent
with the appearance features of different accumula-
tions observed from the experiments, with ψ varying
from 0.3-1.2 for large firebrand size and 0.7-2.1 for
small firebrand size. Substituting Eq. (8) into Eq. (7):

1√
tign

∝
4ϕρ∞NuDO2/airln(1 +B)

d20ρFB

√︁
(kρc)f (Tp − T∞)

(9)

Fig. 2 shows a linear relationship between 1/
√
tign

and the right hand term of Eq. 9 which includes the
effect of ϕ, d0 & u. The correlation based on the
steady-state analysis captures the time to ignition by
accumulations of both firebrand sizes qualitatively,
but there is still scatter. This could be attributed to
less consistent ignition results (i.e., large uncertainty
of ignition time at low FI probability) or more com-
plex firebrand combustion dynamics not considered
in this analysis. It also should be noted that the time-
dependent nature of firebrand exposure is not consid-
ered in this analysis but has been investigated empiri-
cally and numerically[18, 36, 37]. Including the tran-
sient aspect of heat exposure from firebrand accumu-
lations could be important for quantitatively predict-
ing the susceptibility of combustible recipient fuels.

Fig. 8: Correlation between 1/
√︁

tign and f(ϕ, d0, q̇
′′
FB)

5. Conclusion

Experiments investigating the glowing combustion
activity of firebrand accumulations and their ignition
capabilities have been conducted over two firebrand
sizes, four accumulation coverage densities and six
air flow speeds. The accumulations studied here are
representative of different coverage situations ranging
from loose accumulations to compact piles. Surface
temperatures of glowing firebrands were measured by
ratio pyrometry. The results reveal that air flow is the

dominant factor of glowing temperatures of accumu-
lated firebrands and a convection-driven combustion
model was adopted to study the dependence of air
flow and re-radiation effects on the temperature of de-
posited firebrands within accumulations.

Critical conditions are identified under which accu-
mulations with different coverage densities and fire-
brand sizes would ignite a structural fuel (OSB) un-
der air flow. The ignition results show similar FI/NI
boundaries for both firebrand sizes. However, at the
same coverage density and air flow, the time to igni-
tion from accumulations of the larger firebrands are
longer. Through analytical modelling of the firebrand
and fuel, it is found that the time to ignition is con-
trolled by the firebrand combustion behavior and sub-
sequent heat transfer to the fuel, both of which are
strongly impacted by the size and air speed as well as
coverage density to a lesser degree.
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