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Abstract. The NIST Firebrand Generator (NIST Dragon) has been used to quantify
the vulnerability of structures to ignition by firebrand attack. The Firebrand Genera-
tor is a useful device to study firebrand transport, and has been used to validate

transport models of firebrand showers. During this series of experiments, the Fire-
brand Generator was fed with wood cubes of uniform size. The glowing firebrands
generated were collected in an array of water-filled pans that were arranged to collect

the bulk of the lofted firebrands. The pan arrangement was determined from repeated
preliminary studies. These experiments were performed over a range of wind speeds
(up to 9 m/s) to determine the lofting distance. The major change in these experi-

ments from prior work was that, for a given wind speed, the firebrand size and mass
was determined at each pan location. In the past, it was only possible to determine
the number distribution; specifically the number of firebrands at each spatial location
was counted (not resolved at every pan but only across a given row of pans). Statisti-

cal analysis indicated that a normal distribution was able to capture the number/mass
percentage versus horizontal distance. This study provides even greater fidelity mea-
surements to validate transport models of firebrand showers, and further insights into

firebrand generation.
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1. Introduction

Firebrands are generated as vegetation and structures burn, and considered to be
a major cause of structural ignition by analysis of post-fire damage assessments in
Wildland Urban Interface (WUI) fires. During the Grass Valley fire, 199 homes
were destroyed or damaged in which 193 ignited partly due to firebrand attack [1].
Direct and indirect firebrand attack was responsible for the ignition of 2/3 of
destroyed homes in the Guejito and Witch fires [2].
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A simplified methodology is to break the firebrand phenomenon into three
main components: generation, transport, and ignition of exposed fuel. Most stud-
ies have focused on firebrand transport, including its trajectory of lofting from the
fire plume, and how far it flies in the air (spotting distance) [3–9]. However, there
is still limited literature on firebrand generation from vegetation and structures
[10–15], as well as ignition of recipient fuel due to firebrand attack [16–19]. Fur-
thermore, the transport mechanism of a single firebrand can be quantitatively
described by physical models (dynamic model, combustion model, etc.), while the
statistical approach is advised to analyze the data of firebrand generation and fuel
ignition [20], mainly due to the complexity and uncertainty of firebrand showers
in actual fires. In practice, a pragmatic approach to mitigate firebrand ignition of
structures in WUI fires is to design homes that are more resistant to firebrand
showers, thereby developing science-based building codes and standards for new
construction in high risk areas. These needs stimulated the creation of a Firebrand
Generator that could generate a controlled flux of glowing firebrand showers with
a repeatable size and mass distribution [21, 22]. In conjunction with the Fire
Research Wind Tunnel Facility (FRWTF) at the Building Research Institute
(BRI) in Japan, the Firebrand Generator can direct this firebrand flux onto struc-
tural elements to evaluate their resistance to ignition [22].

The Firebrand Generator is also a useful device to study the transport of fire-
brand showers, and has been used to validate transport models [23]. The transport
characteristics of firebrand showers are the focus of this paper. To this end, an
experimental study was conducted on the mass and size of firebrands produced
from this Firebrand Generator loaded with cube wood pieces, as compared to cyl-
inders, and disks in previous work [21]. The major change in these experiments
from prior work was that the firebrand size and mass was determined at each pan
location. In previous work, it was only possible to determine the number distribu-
tion; specifically the number of firebrands at each spatial location was counted
(not resolved at every pan but only across a given row of pans). The effect of the
initial input condition on the mass distribution is presented, followed by a discus-
sion of the influence of wind speed.

2. Experimental Description

Figure 1 is a drawing of the NIST Firebrand Generator. A brief description of the
device is provided here since a detailed description has been provided elsewhere
[21, 22]. This version of the device was scaled up from a first-generation, proof-of-
concept Firebrand Generator [21]. The bottom panel displays the procedure for
loading the wood cubes into the apparatus.

The wood cubes (11% moisture content on dry basis), 2.1 kg in total mass,
were deposited into the Firebrand Generator by removing the top portion. The
wood pieces were supported using a stainless steel mesh screen (0.35 cm spacing),
which was carefully selected. The Firebrand Generator was driven by a 1.5 kW
blower. After the wood cubes were loaded, the top section of the Firebrand Gen-
erator was coupled to the main body of the apparatus. The blower was then
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switched to provide a low flow for ignition. The two propane burners were then
ignited individually and simultaneously inserted into the side of the Firebrand
Generator. This sequence of events was selected in order to generate a continuous
flow of glowing firebrands for up to 4 min duration.

The Firebrand Generator was installed inside the FRWTF at BRI. A schematic
of the facility is displayed in Figure 2a. The facility was equipped with a 4.0 m
fan used to produce the wind field and was capable of producing up to a 10 m/s
wind flow. The location of the Firebrand Generator is shown. To track the evolu-
tion of the size and mass distribution of firebrands produced, a series of water-fil-
led pans was placed downstream of the Firebrand Generator (see Figure 2b). A

Figure 1. Schematic of the NIST Firebrand Generator (NIST Dragon).
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total of 277 rectangular pans were arranged in 40 rows and filled with water to
quench burning firebrands. Each pan was 49.5 cm long and 29.5 cm wide. The
arrangement and width of the pans was not random; rather it was based on scop-
ing experiments to determine locations where the firebrands would most likely
land. In comparison with [21], the Firebrand Generator was raised by 0.5 m off
the ground, and the test section was extended by 9.85 m to accommodate more
collection pans.

a
b

Figure 2. (a) Schematic of the FRWTF. (b) Layout of pans used to col-
lect the firebrands produced from the Firebrand Generator.
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After each test, the firebrands were filtered from the water using a series of fine
mesh, and then dried in an oven at 104�C for 8 h. The mass of each firebrand was
measured by a precision balance with 0.001 g resolution. Repeat measurements of
known calibration masses were measured by the balance which was used for the
firebrand mass analysis. The standard uncertainty in the firebrand mass was
approximately ±1%.

Image analysis software was used to determine the projected area of a firebrand
by converting the pixel area using an appropriate scale factor [14]. It was assumed
that deposited firebrands would rest flat on the ground and the projected areas
with the maximum dimension and the second maximum dimension of three
dimensions were measured (for cylindrical and flat shaped firebrands respectively)
[14]. Images of well-defined shapes (e.g. circular objects) were used to determine
the ability of the image analysis method to calculate the projected area [14]. Based
on repeat measurements of different areas, the standard uncertainty in determin-
ing the projected area was ±10%.

A precision caliper with 1/1000 mm resolution was used to measure the thick-
ness of each firebrand in the direction perpendicular to the projected area. For all
the analyses in this study, the projected area and thickness were the maximum
values for each firebrand. About 15,000 collected firebrands were sized and
weighed.

3. Result and Discussion

3.1. Effect of the Loaded Wood Piece Under Baseline (No Wind Conditions;
0 m/s)

Manzello et al. [21] presented the mass distribution of firebrands produced from
wood pieces of two different size cylinders, and one disk shape. In that work, the
size of each individual wood piece, and initial mass, prior to combustion inside
the Firebrand Generator were: first cylindrical wood piece was 8 mm in diameter,
and 50 mm in length with mass being 1.29 g; second cylindrical wood piece was
12.5 mm in diameter, and 50 mm in length with mass being 3.14 g; and the disk
wood piece was 25 mm in diameter, and 6 mm in length with mass being 1.56 g.
In turn, the total mass of firebrands collected, under no wind speed (0 m/s wind
tunnel speed; simply propelled by the fan of the Firebrand Generator), was 57 g,
43 g and 44 g, respectively corresponding to 8.1, 6.1 and 6.3% of the initial mass
converted into firebrands (700 g was the total initial wood mass of each of the
three geometries loaded in all cases). In comparison, in this study, the initial size
and mass of a cube wood piece was 12.7 mm in width, with mass being 1.44 g,
and the ratio of the total firebrand mass generated to the total loaded wood pieces
mass was 4.4% (2.1 kg was the total initial wood mass of the cube pieces, as indi-
cated that the Firebrand Generator used in this study was larger than prior work
[21]). This suggests that the mass, shape, and wood type of the initially loaded
wood pieces influenced the conversion of virgin wood to firebrands inside the
Firebrand Generator.
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Figure 3 shows the mass distribution of firebrands produced from the Firebrand
Generator fed with four different wood pieces described above under 0 m/s wind
speed. In order to provide a better understanding of the influence of initial shape
on firebrand production, the dimensionless mass, normalized by the single initial
wood piece mass of each geometry, used was applied to the histogram distribu-
tion. As shown in Figure 4, 86% of the firebrands produced when cubes are used
were less than 2% of the initial mass of a single wood piece, whereas when disks
are used, 45% of firebrands were over 5% of the mass. Thus, the shape of the
loaded wood piece was an important parameter affecting the firebrand mass distri-
bution. It is essential to mention that the wood (poplar) density was approxi-
mately 700 kg/m3 in this study, which is larger than that of ponderosa pine wood
in the previous work [21]. In general, the charring rate of wood decreases as its
density increases [24], which indicates that the poplar wood piece should lose
much more mass than the ponderosa wood pieces if both pieces are same in size
and shape. Thus, the cube shape showed more mass loss due to combustion.

3.2. The Wind Speed Effect (Only Cube Wood Piece Considered)

The total mass of firebrands generated was measured as a function of wind speed.
When the wind speed was increased from 0 m/s to 9 m/s, the total firebrand mass
was measured as 93 g, 57 g and 63 g, respectively, and corresponded to 4.4% (at
0 m/s), 2.7% (at 6 m/s) and 3.0% (at 9 m/s) of the total wood pieces loaded.
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Figure 3. Mass distribution of firebrands generated from wood pie-
ces of different shapes under no wind.

Fire Technology 2014



From video records, some firebrands were lofted outside the measurement loca-
tion (downstream) at 6 m/s and 9 m/. In addition, it is possible that several fireb-
rands were also burned completely before reaching the pans at the higher
velocities. The reduction in mass at 6 m/s and 9 m/s must have been due to a
combination of these effects. It is interesting to observe that no significant change
was observed in the total mass of firebrands collected as the wind speed was
increased from 6 m/s to 9 m/s. Yet, as shown in Figure 5, the percentage of fireb-
rands within the range of 0% to 1% of the initial mass was the largest under 9 m/
s wind speed, whereas the 0 m/s situation held the largest percentage of mass
firebrands within the range of 1% to 2%, and the percentages were nearly the
same in other ranges.

The average mass of each firebrand produced was 17 mg ± 12 mg (0 m/s; aver-
age ± standard deviation), 15 mg ± 14 mg (6 m/s), and 15 mg ± 11 mg (9 m/s).
The average projected area of each firebrand produced was 0.37 ± 0.17 cm2 (0 m/
s), 0.33 ± 0.18 cm2 (6 m/s), and 0.34 ± 0.16 cm2 (9 m/s). The thickness of each
firebrand produced was 0.35 ± 0.29 cm (0 m/s), 0.33 ± 0.16 cm (6 m/s), and
0.33 ± 0.12 cm (9 m/s). It is interesting to observe that little or no change was
also observed in the average mass, and projected area of each firebrand generated
as the wind speed increased from 6 m/s to 9 m/s.
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3.2.1. Effect of Wind Speed on the Number/Mass Percentage Versus Distance. As
the wind increased, the firebrand hazard enhances in all respects, intensifying fire-
brand generation, transport, and ignition of recipient fuels [22]. Firebrands can be
transported further by stronger wind, for the absolute velocity of firebrand could
reach the wind speed in the horizontal direction after a short while [3]. In this
study, the wind speed determined the maximum distance that the firebrand trav-
eled, as well as the landing range of the maximum number/mass percentage. As
shown in Figs. 6 and 7, the firebrands were collected as far as 3.3 m, 7.3 m, and
11.8 m under the effect of 0 m/s, 6 m/s and 9 m/s wind speed, respectively. The
landing regimes of maximum number percentage are 0.8 m to 1.3 m, 1.3 m to
1.8 m, and 2.8 m to 3.3 m for 0 m/s, 6 m/s and 9 m/s wind speed, respectively. It
is of great interest to note that the profile of the number/mass percentage versus
distance scattered smoothly as the wind speed increases.

In order to mathematically quantify the wind effect, the Gaussian function (i.e.
normal distribution) was tested for depicting the number/mass percentage versus
distance as follows:

lim
x!0

y
x
� f ðxÞ ¼ 1
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where y is the number/mass percentage; x is the horizontal distance away from
the Firebrand Generator; xc and w are two parameters, respectively denoting the
center and width of the distribution profile. If the random variable X is used to
present the horizontal distance of the firebrand away from the Firebrand Genera-
tor, xc, w and f(x) should be the expected value, root-mean-square deviation, and
probability density function of X. Thus xc and w can be approximately deter-
mined by the formula:

xc � EðX Þ ¼
X

m

i¼1
xiyi ð2Þ

w �
ffiffiffiffiffiffiffiffiffiffiffi

DðX Þ
p

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X

m

i¼1
x2i yi � EðX Þð Þ2

s

ð3Þ

where xi is the distance of the center of collected pans in the ith row away from
the Firebrand Generator, and yi is the corresponding number/mass percentage of
firebrands collected by the ith row pan, and m is the number of rows. For the
number percentage distribution, xc is calculated to be 1.40 (0 m/s), 2.69 (6 m/s),
and 4.21 (9 m/s), with the w being 0.61, 1.61 and 2.52, respectively. For the distri-
bution of mass percentage, xc and w are 1.35 and 0.61 (0 m/s), 2.20 and 1.36
(6 m/s), 3.49 and 2.30 (9 m/s). As shown in Figs. 8 and 9, a Gaussian function
can capture y/A versus x without wind, where A is the pan width of each row.
The situation with wind also can be described by Equation (1). Note that A
equals 0.3 m for the first row and 0.5 m for others, and that the theoretical curve
could fit though (0, 0) as A is small enough for the calculated xc and w to
approach the true value.

This approximate normal distribution may be physically explained by the cen-

tral limit theorem in probability theory [25]. In more detail, X ¼ 1
n

P

n

j¼1
Xj where n is

the number of firebrands collected which is large enough for each test to satisfy
the central limit theorem and Xj is the random variable presenting the jth fire-
brand, and Xj (j = 1, 2…) are assumed to be independent on each other but with
the same expectation and variance. Thus, the effect of wind speed on the number/
mass percentage versus distance can be quantified by the expectation xc and root-
mean-square deviation w, both of which are nonlinearly proportional to the wind
speed as evidenced by the above calculation.

3.2.2. Effect of Wind Speed on the Mass Versus Projected Area. Figure 10 presents
the distribution of mass versus projected area of firebrands obtained in this study
under different wind speeds. The slope of mass versus projected area is 0.48, 0.51,
and 0.48 with zero intercept for the situations of 0 m/s, 6 m/s and 9 m/s wind
speed, respectively. However, the variation of mass, at a certain projected area,
appeared to lessen to a small extent as the wind speed increased. It seems that the
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wind speed had little effect on the distribution of mass versus projected area,
although the mass distribution was considerably affected by the wind speed. It can
be deduced that the wind speed also holds an important role in the distribution of
projected area.

3.2.3. Effect of Wind Speed on the Thickness Versus Square Root of Projected
Area. The firebrand size can be quantitatively determined by diameter for sphere
firebrands, and diameter and length, for cylinder, and disk shaped firebrands.
Together with the projected area, the thickness helps depict the three dimen-
sional nature of flat-shaped firebrands. As shown in Figure 11, the slope of the
thickness versus square root of projected area was 0.58, 0.59 and 0.57, with zero
intercept for the situations of 0 m/s, 6 m/s and 9 m/s wind speed, respectively.
The variation of thickness at the square root of a certain projected area
decreased to a considerable extent as the wind speed increased. Firebrands,
whose square root of projected area is more than the thickness, accounts for 98,
99, and 99% of all firebrands under the effect of 0 m/s, 6 m/s and 9 m/s wind
speed, respectively. Therefore, the wind speed had little effect on the distribution
of the thickness versus square root of projected area, similar to that of the mass
versus projected area. It also can be found that most of firebrands produced
when the Firebrand Generator was fed with cube wood piece cannot be assumed
to be of cube shape, different from the situations of cylindrical and disk wood
piece [21].
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4. Summary

This paper presents a systematic study on the character of firebrands produced
from the Firebrand Generator loaded with cube wood pieces under the effect of
different wind speeds. The main conclusions are listed as follows:

(1) The mass and shape of the initial wood piece fed into the Firebrand Genera-
tor, as well as the wind speed, had a significant effect on the mass distribution
of firebrands generated.

(2) The profile of the number/mass percentage versus horizontal distance was con-
siderably affected by the wind speed, and was quantitatively described by a
Gaussian function (i.e. normal distribution), with both expectation, and root-
mean-square deviation nonlinearly proportional to the wind speed.

(3) The wind speed had little effect on the distribution of both the mass versus
projected area and the thickness versus the square root of the projected area.
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