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Abstract: Firebrand attack has been shown to be one of the key mechanisms of wildfire spread into
Wildland-Urban Interface (WUI) communities. The ignition propensity of materials caused by
firebrands depends on not only the attributes (e.g., shape, size, numbers) but also the distribution of
firebrands after landing on the substrate materials. To help characterize this process, this study aims
to first investigate the effects of gap spacing on the burning behaviors of a group of wooden samples.
Experiments were conducted using 9 wooden cubes, 19mm-long on each side. These samples were
arranged in a 3 by 3 square pattern on suspension wires. The gap spacing (s) between the cube
samples varies from 0 to 30 mm. Burning process was recorded using video cameras. Sample mass
loss and temperatures were monitored during the flaming and smoldering processes. The results
show that when s < 10 mm, flames from individual samples merged. When the gap spacing reduces,
the mass loss rate first increases but starts decreasing at s = 10 mm where flame merging occurs.
The flame height has a similar non-monotonic dependency on the gap spacing and the maximum
flame height occurs at s = 5 mm. Compared to the case with s = 10 mm, cases with a smaller gap
spacing (s = 2.5 and 5 mm) have a larger flame height but a smaller sample mass loss rate. This
indicates that a reduced air entrainment leads to an increase in the flame height despite of a decreased
flame heat feedback to the solid samples. The heating rates of each sample were also calculated to
investigate the local burning behaviors. The analysis showed a weaker flame heat feedback to the
sample at the center for cases with under-ventilated combustion. Last, gaseous flame height was
corelated to the solid burning rate. The correlation was also compared with previous empirical
equations concerning liquid pool fires of different heat release rates.
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1. Introduction

As the climate change becomes intense, the increase in global temperature is expected to cause
hotter and drier weather conditions favorable for wildfire in the future [1,2]. Especially, the year
of 2020 was the second warmest since 1880 and the state of California suffered from severe
wildfires, including four of top five largest fires on record [3,4]. Once a wildfire invades wildland-
urban interface (WUI) region, it can cause not only structure losses but also heavy casualties, as
the Camp Fire in 2018 [5].

One particular way of wildfire spread is spot ignition caused by firebrands. Small flaming or
glowing embers were identified to be responsible for ignition of new vegetation or structures
remote from wildfire front [6—8]. Most of firebrands have a mass less than 1 g and various sizes
and shapes depending on their sources and wind conditions [8]. In experiments of burning
structures typically observed in WUI, most firebrands were found to have 0.9-3.61 cm2 projected
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area [9—11]. Ignition induced by firebrands is a complex process. It is highly affected by
environmental conditions (e.g., wind, temperature) and thermal interactions between the brands
and the recipient fuel. Previous experiments using realistic firebrand shower revealed that the
accumulation or proximity between firebrands can ignite common wood structures in WUI or
highly moisturized vegetation under wind conditions [12—18]. The intensified heat generation from
accumulated firebrands was also experimentally confirmed by the increased heat flux from greater
amount of deposited firebrands pile [19-21] and multiple number of firebrands [22,23] upon a
recipient fuel. It was also found that the smaller bulk density of firebrand pile can generate higher
heat flux [20]. This is because of the larger actual surface area contacting airflow which triggers
more vigorous smoldering combustion on firebrand surfaces. These literatures imply the critical
influence of heat source concentration along with the air supply facilitating the exothermic
oxidation process on the intensity of heat generated.

Similar phenomena of heat source concentration and air supply can be found in multiple fires.

Thermal interaction between multiple fires have been studied for many years since it is more
realistic fire scenarios. For multiple fires, the global burning characteristics is highly influenced
by the configuration of fire sources, especially by spacing between fires. Two effects can be
expected when multiple fires are located sufficiently close to each other. First, burning intensity
becomes stronger due to additional heat feedback from neighboring flames. Second, deterioration
of combustion efficiency occurs at the inner side of multiple fires because the oxygen supply is
hindered by outer flames. These opposite reactions take place at the same time and lead to a non-
monotonic dependency of burning intensity on gap spacing between fires. This trend has been
experimentally studied using multiple hydrocarbon fuel pools [24-26]. The global burning rate
measured based on burn-out time of each pool exhibited the increasing and decreasing trend with
decreasing spacing [25]. In multiple solid fires using wood cribs, however, the intensified heat
release rate was reported with increasing spacing [27,28]. It is presumed that the increased air
entrainment through wider spacing played a role of intensifying the multiple fires in this case.
However, the intensity of multiple fires is to decay at a certain spacing as the flame interaction
becomes weak and flame separation occurs.
In spite of the in-depth research above, there still exists a necessity to study the thermal interaction
between multiple heat sources and its influence on heat intensity. In a numerical simulation, it was
found that there is a minimum energy required for the ignition of fuel substrate with increasing
heat input, same as non-monotonic behavior of burning intensity in multiple pool fires [29].
Considering the competing reaction between heat feedback enhancement and air restriction rate in
multiple fires, it is worth studying this mechanism on firebrand problem as well. Furthermore,
there are relatively few research studying multiple solid fires available. This is mainly due to
difficulties for combustion of solid fuels to reach steady state. This work attempts to investigate
the thermal interaction between multiple flaming wooden cubes by varying their spatial
distribution. The burning process of multiple wood samples is also the production process of
firebrands prior to depositing them on a fuel substrate which will be performed in the future study.
The goal of this study is to investigate the global and local burning behavior of a group of wood
samples depending on different spatial distributions of fires and the thermal status of firebrands at
the end of the flaming process.
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Figure 1: Test apparatus and sample setup. (a) Schematics of the test apparatus. (b) Top view of
the sample arrangement and thermocouple locations. TC: Thermocouple.

2. Experimental Setup

A new experimental apparatus was designed and constructed for this study. The apparatus, as
shown in Figure 1a, consists of three major components, wooden cube samples, sample supporting
frame, and igniter. The entire apparatus was situated under a ventilation hood and surrounded by
a hazard screen to mitigate flow disturbance from ambient air and to prevent burning debris from
escaping.

Untreated 19.05 mm (3/4") birch wooden cubes [30] were used as solid samples in this study.
Sample cubes were fully dried at 377 K (104 °C) in an oven for at least 12 hours prior to each test
to remove moisture content. Mass of the sample cubes was monitored during the drying process
and was observed to become stable in the initial 80 minutes. After fully dried, nine wood samples
were arranged on supporting wires in a square pattern as shown in Figure 1b. The gap spacing (s)
between the cube samples varied between 0 and 30 mm in different tests. In addition, burning of a
single cube (positioned in the center) was also tested as a reference for comparisons.

The sample supporting frame was constructed using black anodized and matt-black painted
aluminum to minimize the radiation reflection during the experiments. The frame has an overall
dimension of 380 mm by 380 mm cross-section and is 300 mm in height. Stainless-steel supporting
wires were mounted horizontally on the top surface of the frame through drilled holes with 5 mm
intervals. These wires control the spacing and hold the cube samples in place during the burning
process. The diameter of the wires was chosen after a series of trial tests. It was determined that
0.36 mm (0.014”) was the minimum diameter for the wires to survive the fires in this study. One
end of the wire was fixed on a side plate of the supporting frame and the other end of the wire was
hooked to the frame using a spring. This is to maintain the wire tension when the wire was subject
to heat from the fires.

The ignitors were made of electrical coils wrapped around ceramic rods (3.175 mm in diameter,
see Figure 1). Each coil was fabricated by rounding TEMCO Kanthal A-1 29AWG wires 10 times
on a 10-32 threaded rod and has a resistance of 3.9 + 0.2 ohms. During the heating and ignition
process, a pair of coils, positioned 5 mm underneath each cube sample, were powered at 3.5 amps
for 30 seconds to ignite the sample. This heating duration ensures ignition and the establishment



Sub Topic: Fire Research

of self-sustained flame for each of the wooden samples. After that, the ignitors retreated from the
wooden cubes. The samples were left to burn to completion.

Two DSLR cameras (Canon T31) were used to record the entire burning process (1,920 X 1,080
pixels at 30 frames per second), one from the front and one from the top. The front-view camera
was manually fixed to the same settings in all tests (ISO: 1600, shutter speed: 1/60, aperture: F4.5).
This facilitates the comparison of flame shape and height between different frames and between
different tests. The top camera was set to auto-adjusted ISO to capture clear images of both bright
flaming and dim smoldering stages of the burning process (ISO: auto, shuttle speed: 1/40, aperture:
F1.8). A 1-meter ruler was positioned vertically on the mid-plane of the sample arrangement and
next to the sample supporting frame. Calibrations were performed prior to the tests and it was
determined that the pixel resolution is 0.29 mm/pixel. To eliminate the background noise of the
video frames, a black curtain was installed behind the experimental setup. It covered the entire
camera field of view. All experiments were performed in a dark room. A small green LED light
was turned on while the igniter was on for time synchronization of the two camera recording.

K-type thermocouples with 0.508 mm (0.02”’) bead diameter were used to measure temperature
of the wooden cubes at three selected sample locations (Figure 1b). The thermocouples were
inserted to the cube center through a drilled hole from the bottom side to avoid contact with the
flame. A precision balance (A&D GX-8K) with 0.01 g accuracy was also used to monitor the
global mass loss of the samples during the experiments. The temperature and mass data were
recorded at 2.1 Hz and 2.9 Hz respectively.

An image processing code was developed to extract the flame shape from the front-view
camera images. The contrast of a RGB image was enhanced before image processing to remove
the blur created by luminous flames. After that, the code converts the RGB images to grayscale
and then binary images to determine the flame edge. Example RGB and transformed binary images
are shown in Figure 2. The extracted flame edge is superimposed in both images (green lines in
Figure 2). In this work, flame height was defined as the distance from top surface of sample cubes
to the highest point of the flame (see Figure 2).

Flame Edge
(Green line)

Flame Height

Wooden
Cubes

Figure 2: RGB and binary flame images
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Figure 3: The sequential (a) flaming and (b) smoldering images. s = 10 mm.
3. Results and Discussion
3.1 Burning process of a group of solid fuels

Typical burning process observed in this work is demonstrated using a representative case with
s = 10 mm. Figure 3a shows the front and top view images of the flaming process of the nine
wooden cubes. Note that t = 0 is defined as the instance the ignitor is on. In this representative
case, the flaming process lasted for ~206 s after ignition occurs. After flames extinguished, the
top-view images (Figure 3b) show that the smoldering combustion continued for another 833 s.
Note that the top view camera was positioned on top of the sample setup with a slightly tilted angle
to protect the camera from direct impingement of fire plume and smoke.

Figure 3a shows that shortly after ignition, flames from wooden samples merged and formed
a single large turbulent flame. Typical pulsing of fire plume was observed. The pulsing frequency
was ~ 7.2 Hz, which is closed to the predicted value for pool fires with a similar dimension (5.3
Hz for D = 80 mm [31]). Flame separation occurred at 90.0 s. After that, flames became weaker
and flame oscillation was mitigated. Note that the flame merging phenomenon was only observed
for cases with s < 10 mm. For gap sizes larger than 10 mm, flames from individual wooden cubes
were observed to be always separated and the flame heights were generally shorter.

Also note that, in a short period of time (28 s) before flame extinction, flames from individual
wooden sample would extinguish momentarily and re-ignite. This re-ignition was observed at all
spacing except for s =2.5 and 5 mm. The re-ignition repeated multiple times for individual samples
before complete extinction occurred for all nine samples. It is suspected that an individual flame
extinction occurred due to decrease in fuel volatile generation when the solid burning rate is low.
But the volatile was re-ignited by heat from adjacent flames. Eventually, the flame completely
extinguished (218.6 s) and the combustion process transited from flaming to smoldering.
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In Figure 3b, glowing of the nine samples was clearly visible in the early stage of the
smoldering process but it gradually weakened as charred cubes turned into ashes. During
smoldering, cracks developed on charred sample surfaces, leading to partially or completely split
of a sample in some cases. Ashes also collapsed when it failed to sustain its weight. These
structural changes kept exposing new charred surfaces to the air and sustained smoldering until
the combustible of the sample fully consumed.

Figure 4 presents the experimental measurements of the representative case (shown in Figure
3). Figure 4a shows the temperature readings (T) up to 1,100 seconds. Figure 4b focuses on the
flaming process and shows the sample mass loss rate (dm/dt), remaining mass fraction (m/m0),
and flame height (Zr) up to t ~ 300 s. In this representative case, major observed burning events
include: I) ignition, II) flame merging, III) flame separation, IV) flame extinction, and V)
smoldering extinction. These burning events are marked in all plots in Figure 4.

Figure 4a shows that sample temperatures started rising once the ignitors were on (at t = 0).
Ignition occurred at ~ 12.5 s. After the ignitors were removed (t = 29.5 s), the flame continued to
heat up the samples at an approximately constant rate. For all three thermocouple locations, steep
temperature increase was observed at ~ 670 K. This sharp increase in temperature was also
observed in previous isothermal pyrolysis experiments of wooden samples in similar shape and
size of those in this study [32]. This temperature spike is attributed to exothermic char formation
process occurring after endothermic cellulose decomposition and volatiles generation [33]. The
exothermic reaction provides heat, in addition to the flame heat feedback, to further increase the
sample temperature. This exothermic smoldering combustion increased the sample temperature
slightly even after the flame extinction occurred (t = 218.6 s). The sample temperatures remained
at 750-800K until the smoldering combustion ceased (t = 1020.9 s)
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Figure 4: (a) Temperature of the wooden samples. (b) Flame height, sample remaining mass
fraction, and mass loss rate. s = 10 mm.
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Figure 5: Comparisons of (a) flame height and (b) normalized mass loss rate in all cases.

Note that the temperature readings in Figure 4a did not show plateaus or a lower heating rate
during sample endothermic decomposition process as seen in previous work (e.g., [32]). It is
presumed that the degradation of various components of the wooden samples overlap with each
other due to a fast heating, and consequently the endothermic cellulose decomposition process is
clouded by the exothermic reaction [34].

The sample mass loss rate and flame height in Figure 4b increase sharply at ignition. They
continue to rise up to peak values, remain at the peak values for a short period of time, and then
decay as the sample burns out slowly. Note that when flame separation occurs (at ~90.0 s), a slight
increase in flame height is observed. Sample mass loss rate became negligible when extinction of
the flaming combustion occurred.

3.2 The spacing effects on flame height and mass loss rate

Figure 5 compares flame heights (Zf) and normalized mass loss rates (d(m/m0)/dt) between
different cases. For ease of reading, flame height was time-averaged every 5 seconds and its
fluctuations was denoted as shaded area. Similar evolutions of the flame height and the mass loss
rate are observed at all spacing except for s = 0. Flame images are also compared in Figure 6. In
these images, the mass loss rates reach peak values in each case.

At s =0, flames merged as a large single fire at all times until extinction. The merging flame
was observed to be weaker and shorter than that of all other spacing. The evolution of the mass
loss rate (Figure 5b) also suggests that the sample burning process, while lasting longer, was
significantly less intense. Multiple reasons can contribute to this. First, at s = 0, side surfaces
between samples were not exposed to the flame at early stage of flaming. This results in a smaller
effective sample pyrolysis area and a lower solid burning rate. Insufficient air supply to the center
of the merging flame also contributed to a weaker flame. While flaming, a fuel rich zone appears
at the center of the flame near the sample top surfaces (Figure 6). The fuel rich zone contains little
oxygen and is of lower temperature than the outer flames [35]. The presence of the fuel rich zone
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also implies that the sample at the center receive least heat input and has the lowest solid burning
rate compared to the other samples.

Another observation for the case with s = 0 is that the flame height and the sample mass loss
rate both have a second peak (at ~ 350 s in Figure 5). This is because as the samples burned, sample
volume became smaller and small gaps were created between samples. This exposed sample side
surfaces to the flame and allowed oxygen penetrate to the flame center, improving the combustion
efficiency.

Figure 7 further compares the flame height and mass loss rate quantitatively between different
cases. Maximum mass loss rate was deduced by averaging the data in 10-second windows.
Averaged flame heights were also calculated in the same 10 second. The error bars in Figure 7
denote the differences between repetitive tests.

When gap spacing decreases from 30 mm to 10 mm, both flame height and mass loss rate
increase. Compared with the single sample case, all these cases have a higher mass loss rate. This
indicates that flames from adjacent samples enhance the heat feedback to the samples through
radiation and convection. This thermal interaction between adjacent flames and the resulting
enhanced solid burning rate contribute to the increased flame heights when the gap spacing
decreases.

When gap spacing further decreases to s <5 mm, the flame suffers from oxygen deficiency.
Notice that compared to s = 10 mm, cases of s = 2.5 and 5 mm have greater flame heights but
smaller mass loss rates The reducing amount of air entrainment through the gaps between the
samples (not only from the sides but also from the bottom) can lead to a longer flame at smaller
gap spacing. Flame height has been shown to be dependent on air entrainment rate [36]. Longer
flame allows more air to be entrained into the combustion zone. Hence, flame typically becomes
longer in air restricted environments, such as walls or nearby corners [37,38]. As described earlier,
the center region of the flame is lifted above the sample surface (see Figure 6) and flame
temperature may also be lower due to local fuel rich condition. This results in a decrease of heat
input to the sample surface and a reduced solid burning rate as the gap spacing decreases.

The combined effects of thermal enhancement and oxygen depletion lead to a critical spacing
(s = 10 mm) for maximum burning intensity as shown in Figure 7. Above this critical spacing,
burning of multiple solid samples is highly affected by heat feedback enhancement received from
other flames. Below the critical spacing, the combustion is under-ventilated and the amount of air
entrainment plays a major role in the burning process. This phenomenon is similar to previous
multiple pool fire experiments [24].
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Figure 6: Comparison of flame profile in all cases.
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3.3 The spacing effects on the temperature

Temperatures of the center sample (TC 1 in Figure 1) in different tests are compared in Figure
8. Variations between repetitive tests are marked at selected time instances using symbols with
error bars. Note that, while not shown here, temperature evolutions at TC2 and TC3 locations are
qualitatively similar to that shown in Figure 8.

In all cases, after the ignitor is off, sample temperature first increases with an approximately
constant rate and then rises sharply due to exothermic decomposition to char as described earlier.
It is shown that the peak temperature (during the exothermic decomposition) decreases
monotonically with increasing spacing (except for a slight increase from 0 to 2.5 mm spacing).
Similar to enhanced heat feedback from adjacent flames, thermal interactions between solid
samples in close proximity during the exothermic decomposition also intensify the solid burning
process.
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Figure 8: Comparisons of sample temperature evolution (TC1 readings) between different gap
spacing.
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Figure 9: Sample heating rates during flaming combustion at all three thermocouple locations.

Heating rates during the flaming process were calculated over temperature range between 423
and 623 K (150 and 350 °C) using least squares method. The results are compared between
different cases in Figure 8. Error bars denote the variation between repetitive tests. For ease of
reading, data for TC1 and TC3 are slightly shifted left and right respectively (by 0.5 mm to avoid
overlapping of the error bars) in the plot.

Similar to the mass loss rate, sample heating rate during flaming combustion, exhibits a non-
monotonic dependency on the gap spacing. Among the three sample locations, sample at the center
(TC1) is most influenced by the gap spacing and the corner sample (TC3) shows least variations
between different cases. At small spacing (s < 2.5 mm), heating rates at all three locations are
lower than that of single sample case. Furthermore, center sample has the lowest and corner sample
has the highest heating rate. These once again suggest that the gaseous combustion suffers from
oxygen deficiency and the heat feedback to the solid samples is reduced at these small gap spacing.
In addition, at s = 0, sample side surfaces were facing each other and were not exposed to flames
at the early stage of flaming, further reducing the heat received by the sample.

When the gap spacing is above s = 5 mm, the heating rates in all cases are higher than that of
single sample case. In addition, the heating rate of the center sample (TC1) is larger than that of
the side (TC2) and corner (TC3) samples. This once again demonstrates that the enhanced heat
feedback is due to the thermal interactions between adjacent flames. The heating rates at the side
and corner samples were found to be similar to each other in this 3 by 3 fuel pattern with gap
spacing considered. When s > 20 mm, flames from individual samples never merge and the
heating rate gradually decreases to the single-sample result when spacing increases.

3.4 Flame height correlation

Dimensionless flame height is plotted against dimensionless heat release rate in Figure 10. The

dimensionless heat release rate is defined as follows [39].
_— mygAH¢
b PonTON/chs/Z

(1)

Here py, ¢y, Ty, and g are the ambient air density, specific heat, ambient temperature, and the
gravitational acceleration, respectively. ni and AH, are the mass loss rate and the heat of
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combustion of the solid fuel (16.09 kJ/g for cellulose). L. is the characteristic length. When the
fire merges, the total edge length D (see Figure 1b) is used (L, = D). When the fire separates, the
edge length of the wooden sample d is used (L. = d). Note that in each case, transient data from
the flaming process is used.
Correlations deduced by Heskestad [40] and Quintiere and Grove [39] for axisymmetric fire
source are included in Figure 10. These correlations are as follows.
2

05 = 0.0059%\/(?—’;) (1 +2(0.179) (i—f)> )

o (Zf/Lc+1.02\5/2 1y \3/2
Qp = ( 15.6 ) (I—Xr) 3)
where X, is the flame radiant loss (= 0.3 in the plot) and y is defined below.
_ (1-Xr)(4Hg)
¥ = ©

AH, is the heat of combustion per unit mass of air consumed (2.91 kJ/g for methane).

For cases where combustion is under-ventilated (s = 0 and 2.5 mm), flame heights are higher
compared to other cases at the same heat release rate. For cases with s > 5 mm, data from different
states of the burning in each test and from different tests generally follows the previous
correlations.
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Figure 10: Correlation between dimensionless flame height and heat release rate transient data.
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4. Conclusions

A series of experiments were performed to study the effect of spatial distribution on the
burning characteristics of 3 by 3 multiple solid fires without a floor using a newly built
apparatus. Small birch wooden cube samples were fully dried in this study. The gap spacing
between samples (s) was carefully adjusted from 0 to 30 mm. The transient burning behaviors of
the samples were shown to depend on the sample arrangement.

It was found that the global mass loss rate and flame height change non-monotonically when
spacing varies. Maximum mass loss rate occurs at s = 10 mm for this specific set of experiments.
At spacing larger than this critical spacing, mass loss rate and flame length increase when
spacing decreases. This is because samples received enhances heat feedback not only from its
own flame but also from neighboring ones. At the critical spacing, it is observed that flames from
the nine samples merged. Air entrainment became restricted to the inner flames. As a result, the
sample at the center experienced oxygen deficiency and the flame lifted from the sample surface.
Flame temperature is likely also lower. These result in a reduced heat input to the sample and
decreased mass loss rate.

The temperature of the wooden samples is shown to be a good indicator of burning intensity
of multiple solid fires. Typical pyrolysis behavior of biomass was observed and showed the
exothermic reaction increased the temperature to the peak value. The center position of multiple
fires exhibited the peak temperature as expected. A similar non-monotonic trend was confirmed
in the analysis of heating rate. It was found that the sample at the center changed the most with
varying spacing. At small spacing, the heat feedback to the sample was smaller than the single
sample result. Also the outer samples received the stronger flame heat feedback. As the spacing
larger than the critical spacing, the sample at the center received the highest flame heat feedback.
The outer samples experience more heat loss due to weak heat feedback enhancement and
convective cooling.

The burning process of multiple fires was affected by spatial distribution effects as seen in
the experiments of multiple pool fires. However, the strong heat of combustion may contribute to
the higher heat feedback from a merged flame. Also multiple solid fires were influenced by the
actual burning surface area unlike the multiple pool fires. Other geometrical factors such as
height of samples may cause the different burning characteristics. These factors need to be taken
into account in future studies.

Finally, the flame height was correlated to the burning rate. It was shown that the
dimensionless heat release rate has a linear relationship with the flame height.
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