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Abstract

Firebrand is a widely observed phenomenon in wildland fires, which can transport for a long distance,
cause spot ignition in the wildland-urban interface (WUI) and increase the rate of wildfire spread. The
flame attached to a moving firebrand behaves as the potential pilot source for ignition, so extinguishing
such a flame in the process of moving can effectively minimize its fire hazard. In this work, the firebrand
used the dry wood ball with a diameter of 20 mm and a weight of 2.9 g, which carried a flame with the
heat release rate of 250 W. The firebrand was held by a pendulum system to adjust the velocity. Results
showed that there is a minimum sound pressure to extinguish the firebrand flame, which increases
slightly with the sound frequency. As the firebrand velocity increases from 0 to 4.2 m/s, the minimum
sound pressure for extinction decreases significantly from 114 dB to 90 dB. The cumulative effect of
firebrand motion and acoustic oscillation was found to facilitate flame extinction. A characteristic
Damkaohler number (~1), with the ratio of the fuel residence time to the flame chemical time, is used to
guantify the extinction limit of the flaming firebrand. This work provides a technical solution to mitigate
the hazard of firebrand flame and spotting ignition in WUI and helps understand the influence of
acoustic waves on the flame stability on the solid fuel.
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1. Introduction

Controlling flame behavior is an emerging topic in combustion research, where the seeking of
improved tactics and technologies for flame suppression and extinction is of particular interest. One
promising solution is the use of acoustic waves. It is well known that flame is susceptive to acoustic
excitation [1], and the flame response behavior varies with the frequency adopted [2-4]. Many studies
focus on reducing the impact of acoustic waves on the flame to improve flame stability, particularly in
engine applications, but few studies have tried to use acoustic waves to extinguish the flame.

The U.S. Defense Advanced Research Projects Agency (DARPA) [5] first confirmed the acoustic
wave as an effective flame extinguisher, especially in the low-frequency region varying from 35-150
Hz, combined with the sound pressure level (SPL) from 80-150 dB (i.e., 0.2-632 Pa). It also suggested
that the critical sound condition for flame extinction was independent of the burner or flame size.
Friedman and Stoliarov [6] made attempts in using the low-frequency sound of 30-150 Hz to extinguish
the flame on liquid fuels. They found a positive correlation between the extinction pressure and
frequency and proposed the extinction as a result of the acoustical disruption of the fuel-flame-supply
cycle. For the gas burner flame, Niegodajew et al. [7] studied its extinction process using the sound
with the frequency of 30-50 Hz and pressure of 128-133 dB (50-89 Pa), and defined a critical acoustic
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extinction pressure that is independent of the distance between the flame and sound source. Yamazaki
et al. [8] found a strong deformation of the non-premixed flame sheet under a sound frequency of 400
Hz. In our previous work [9], the acoustic wave was found to be more effective in extinguishing the
fast-moving dripping flame of molten polyethylene than the stationary candle flame. So far, limited
research has studied the acoustic extinction of the flame on a moving solid fuel and the associated fire-
suppression technology.

Fig. 1. (a) Typical wildland-urban interface (WUI) fire (Source: Denver Post), and (b) firefighting
against wildfire and firebrand shower (Source: Australian Federal Police).

With the increasing wildland-urban interface (WUI) fires [10-19] (Fig. 1a), the flying firebrands
(or embers) and the associated spotting ignition play significant roles in the fast spread of wildfire [20,
21]. In a wildfire, burning barks and twigs can often detach from the parent fuel due to the drag forces
by airflow and be lifted by the fire-induced buoyancy [10, 18, 22]. Many firebrands can fly for miles in
the wind and create a firebrand shower [16], which is extremely difficult to track and extinguish (Fig.
1b). In particular, some firebrand particles can carry a flame or transition from smoldering to flaming
during the transport and landing processes, which show a significant fire hazard in igniting the WUI
combustibles [17, 19, 23]. However, conventional fire suppression technologies cannot handle the
flying and flaming firebrand due to the fast and random motion, not to mention the intense firebrand
shower with high-density small embers [14-16]. Therefore, more effective firefighting tactics are
expected to extinguish the flaming firebrand shower on a large scale. Inspired by the successful acoustic
suppression of dripping flame [9], it is hypothesized that the acoustic wave could also be effective in
extinguishing the flame on the moving firebrand.

In this experimental work, the well-controlled acoustic wave was applied to extinguish the flame
supported by a spherical firebrand with the moving velocity up to 4.2 m/s, and the critical sound regimes
for acoustic extinction were quantified under various firebrand transport velocities. Through analyzing
the cumulative effect of firebrand motion and acoustic oscillation on the fuel gas and flame, the
underlying acoustic extinction mechanism was discussed.

2. Experimental method

A schematic of the experiment setup is illustrated in Fig. 2a, where a Cartesian coordinate (x, Y, z)
is used to show the geometric position. The system was an upgrade of our previous one [9], which
mainly includes a moving spherical firebrand, held by a pendulum system, and an acoustic wave
generating system with a speaker, wave generator, and power amplifier.
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2.1. Firebrand and flame

Based on the observation in WUI fire scenes [10, 18, 24, 25], a spherical (Schima Superba)
hardwood ball with an average diameter of 20 mm was chosen as the representative firebrand, as shown
in Fig. 2b. To minimize the influence of fuel moisture content, all samples were first dried in a hot oven
with 90 °C for 10 h and then rested inside a temperature and humidity chamber. By doing so, the target
balls performed a uniform initial mass of 2.85 + 0.05 g and moisture content of 2.8 + 0.2 wt.%. The
sample size and its moisture content all follow the range in recent firebrand studies [25-27].

Needle
rod —__

Firebrand

ball

®

Fig. 2. (a) Schematic of the test setup (front and side views), and (b) spherical wood firebrand.
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The target firebrand was initially ignited by a propanol blowtorch when it remains stationary in
front of an inactivated speaker. For consistency, the ignition process lasted for 20 s in all tests. After
removing the ignitor, the burning of the firebrand ball would develop until the entire ball was covered
by the flame (i.e., the envelope flame) with a height of about 80 mm. Fig. 3a shows the evolution of the
flame power or the heat release rate (HRR), that is, the product of the measured firebrand mass-loss
rates in three repeating tests and a constant heat value of wood (15.8 MJ/kg). A stable burning process
with a constant power of 250 + 20 W occurs around 45 s after ignition and lasts for another 60 s before
decaying. In this way, the burning process of the firebrand is well controlled and repeatable.
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Fig. 3. (a) Time traces of the firebrand HRR in three different trials, and (b) the averaged peak swing
velocities (Vp) at different displaced angles (6).
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A pendulum system was employed to achieve the movement of the firebrand (Fig. 2a). The reason
for using a pendulum rather than the wind tunnel, because the wind tunnel can product strong
background noise to interfere with the main acoustic field. Stainless steel (SS) needle with a length of
450 mm and a diameter of 1.2 mm, whose apex was suspended from a pivot, was inserted to the center
of the firebrand ball, and the resting position of the ball coincides with the center axis of speaker. The
swing trajectory was restricted in angular direction (x-z plane) and paralleled to and 100-mm in front
of the speaker (Fig. 2b). By displacing the needle away from the equilibrium position with a displaced
angle (), a swing velocity V that shows a peak at the lowest point could be controlled and varied.

Note that the displaced angle here is measured by a protractor fixed at the stationary point of the
SS needle (see Fig. 2a), so the vertical and horizontal directions are denoted by 6 = 0° and 90°,
respectively. Fig. 3b shows the dependence of the peak swing speed (V},) versus 6, which agrees well
with the theoretical curve. The maximum firebrand velocity in this experiment was 4.2 m/s when
displacing the needle with 8 = 90°, which resides within the range of firebrand in literature [10]. Note
that the mass of the SS needle is far higher than that of the firebrand, which drives the pendulum motion.

2.2. Sound source

Since the flame behavior is most sensitive to the low-frequency sound [5-9], a circular bass speaker
was used to emit the waves (Fig. 2a). The diameter of the speaker was 460 mm, with the maximum
power limit of 800 W. Such a large speaker allowed different firebrands to experience at least one
complete acoustic cycle. The acoustic signal was produced by a wave generator, with the wave
amplitude defined by a power amplifier. Preliminary tests showed that for this setup, a stationary
firebrand flame was sensitive to sound frequency of about 100 Hz. As the frequency increased higher
than 105 Hz, the greater sound pressure was also required for flame extinction, which would exceed the
power limit of the amplifier. Further, the firebrand flame was reluctant to respond to the sound with a
frequency lower than 95 Hz, and the sensitivity depended on the size and shape of the speaker [9]. As
such, the target frequency ranged from 95 to 105 Hz was explored in detail.
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Fig. 4. Sound pressure distribution on the plane of firebrand motion that is 100-mm away from the
speaker, where the firebrand trajectory is also shown.

To ensure a uniform acoustic field, the speaker was placed 940 mm above the floor. Also, there was
no sidewall nearby for wave reflection. Measurement of the sound level was implemented by a portable
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decibel meter after every trial at the flame position, which functioned in the range from 30 to 130 dB
with an accuracy of 0.1 dB. Fig. 4 shows the distribution of SPL on a plane of firebrand motion when
using a 100 Hz sound at 114 dB. As expected, a semi-uniform sound existed within the range of 100
mm from the speaker center. Given an SPL, if the flame was not extinguished, the SPL would be
increased step by step until the extinction occurred. During the experiment, the flame behaviors were
monitored by two high-speed cameras (up to 960 fps) from both the front and side views. All
experiments were repeated at least three times to minimize the random uncertainty.

3. Results and discussions

Considering a pendulum system was used the exert impetus over firebrand, the firebrand should
experience the various speed as time goes by. Therefore, a high criterion was set for the flame extinction,
i.e., only if the extinction occurs inside the uniform sound region (or the main acoustic field seen in Fig.
4) and within the initial three swing motions, it is considered as a successful extinction, where the
deviation of firebrand velocity from the peak velocity is less than 0.05 m/s. Similar to previous
extinguishing experiment on the candle flame [9], given a sound wave, the outcome (extinction or
burning) was fixed, so there was no issue of extinction probability. A re-ignition test was conducted for
all extinguished firebrand, i.e., check if the target firebrand can be re-ignited by the propanol blowtorch
within 2 s, which excludes the possibility of burnout or self-extinction.

3.1. Flame extinction of the stationary firebrand (base case)

Without the activation of the pendulum (6 = 0°), the wood flame should stay statically in front of the
speaker, which provides a base case for exploring the critical acoustic condition for flame extinction
(see Video Al in Appendix). Fig. 5 shows a typical extinction process of a stationary flaming firebrand
subjected to a 100 Hz sound at 114 dB from the side-view camera (see Video A2 in Appendix).

Fig. 5. The extinction process of a stationary firebrand flame in front of the speaker center, recorded
by the high-speed camera (960 fps) from side view (Video A2), where the speaker is on the right-hand
side, and the time zero is the moment that speaker turns on.
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Near extinction, the flame was influenced by the sound wave and shake back and forth around the
parent fuel along the direction of sound propagation (y-direction in Fig. 2a). Right before extinction (4¢
= 120 ms), the flame appears fully detached from the firebrand, becomes weak rapidly, and creates a
large gap between the flame and firebrand. All experiment videos showed that the extinction only
occurred when the flame was deflected away from firebrand, where not only the flame heat flux to fuel
is significantly reduced, but the flame also cannot reach the pyrolysis gases near the fuel surface.
Therefore, this acoustic extinction could be attributed to the reduction of flame heating and pyrolysis
gaseous fuel (or the breakage of fuel-flame supply cycle) [7], similar to the extinction of gas-burner and
liquid-fuel flames [6].

The critical condition of acoustic extinction at a specified frequency was determined by finding the
lowest sound power to cause an immediate extinction within the semi-uniform acoustic field when
activating the speaker and repeating 3 times. As seen in Fig. 6, there is a positive correlation between
the extinction pressure and frequency, which follows the law of other stationery cases reported in the
literature. Compared with extinguishing small candle flame and dripping flame [9], flame extinction on
stationary firebrand requires a higher SPL because of a larger burning rate and flame power (or HRR).
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Fig. 6. Correlation between the critical sound pressure and frequency for extinguishing different flames.

3.2. Flame extinction of the moving firebrand

Fig. 7a shows the flame behavior when the firebrand swings with a displaced angle of 8 = 60° without
using any acoustics (see Video A3 in Appendix), and the camera was placed in front of the speaker (y-
direction). Compared with the stationary case, the flame stayed in the wave region and followed the
moving firebrand, so only half of the sphere was surrounded by the flame. Also, the flame length was
reduced due to the decrease of fuel amount as the convective cooling effect increases. Although the
flame would still shake around the moving firebrand, there was no flame extinction observed in this
case, nor did the extinction occur in the fastest case when 8 = 90°, which excluded the possibility of
blowoff, especially when the pendulum changes direction.

After turning on the speaker, enhanced flickering and discontinuous structures were observed with
the fluctuations propagating along the flame surface (see Fig. 7b and Video A4 in Appendix). When the
sound level reached a specific value, a typical extinction process of the flaming firebrand occurred (see
Video A5 in Appendix). Before extinction, the flame became so weak that it was difficult to observe
(see Fig. 7c). The distance between the flame base and firebrand here seems not as big as that in the
stationary condition (Fig. 5). This is caused by the position and view of the camera, that is, the moving
flame detaches in both x and y directions, while the stationary flame only detaches in the x direction.
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Fig. 7. High-speed images in front of the speaker at 960 fps for the fast-moving firebrands when 6 =
60°. A 95-Hz acoustic field works with the pressures of (a) 0 dB (Video A3), (b) 90 dB (Video A4),
and (c) 100 dB (Video A5), where images are sharpened to visualize the weak blue flame, and the
time zero is the moment firebrand enters the main acoustic field.

Fig. 8 plots the critical acoustic extinction pressures versus the firebrand velocity at different
frequencies. The most prominent feature here is that as the firebrand motion accelerates, a lower sound
level is required to cause extinction. Also, increasing frequency has a noticeable impact on the growth
in extinction pressure. Two factors, i.e., the firebrand motion and acoustic oscillation, should be
responsible for triggering the extinction, so the coupling between two factors should be discussed.
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Fig. 8. The acoustic extinction pressure plotted as a function of firebrand instantaneous velocity at
different frequencies, where the error bar shows the experimental random uncertainty.
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3.3. Acoustic extinction mechanism

Usually, the extinction of wood flame can be explained by various mechanisms, like those based
on the excessive weakening of thermal feedback or the minimum fuel mass loss rate [28, 29]. These
existing theories, however, cannot directly address the sound-induced extinction. This work attempts to
reach the physical impact of acoustic waves on firebrand extinction by borrowing the concept from the
theory of stabilization of a lifted flame [30]. A model that describes the local behavior of flame on the
firebrand prior to extinction from the x-y plane was formulated and presented in Fig. 9 (top view). Here,
the target firebrand is moving within a sound field with an instantaneous velocity V;, which is slightly
lower than the peak swing velocity V,. Behind the moving firebrand, a flame is attached and tilted by
sounds waves. In between, there is a mixing of fuel gas and airflow within the wake region. The lifted
flame leading edge is also a sign for premixing. For simplification, the fuel gas was assumed to be able
to develop to a well-premixed mixture caused by the strong air recirculation behind a moving firebrand.
In this way, the acoustic extinction of flame on a moving firebrand can be hypothesized as a failed
ignition of the premixed fuel gas in the wake region.
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Fig. 9. A scientific illustration (top view) of acoustic extinction on the flame on a moving firebrand.

From the model above, a Damkdhler number (Da) can be used to describe the ignitability of the
fuel gas in the wake region [31], which also provides a bridge to connect flame with acoustic. A similar
criterion Da* for judging the flame extinction was formulated here, which is given by the ratio of the
residence time (t,) of fuel gas in the wake region to the pilot delay (¢;4)

Dy = tre/tig (1)

For a successful pilot ignition, the fuel gas needs to mix with air first to reach the lower flammable
limit and, subsequently, the mixture costs another moment for the gaseous chemical reaction to produce
a flame. The former stage can be characterized by a mixing time (t,,;,), and the latter can be
characterized by a chemical time (t.). Eventually, the duration of the pilot delay is:

tig = tnix + ten (2)

Since the fuel gas in the wake region was assumed to be well premixed before being piloted, the
mixing time can be ignored. This can be further evidenced by a theoretical estimation. Typically, there
is a critical distance & for the newly pyrolyzed fuel gas to mix with air and then develop to a premixed
combustible gas. This can be calculated from 6 = D/Nuy, where D =20 mm is the characteristic length
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that equals to the ball diameter. Due to the pendulum-induced fast motion, the Nusselt number (Nup)
for the forced convection around a sphere [32] is used:

Nup = 2 + 0.6Re/2pr1/3 3)

Here, Pr = 0.7 is the Prandtl number of air at 1300 K (the average of wood flame temperature and
pyrolysis temperature), and Re = V,D /v is the Reynolds number. Eventually, Eq. (3) produces an
average residing at Nup = 12.8, which leads to a critical premixed distance of § = 1.56 mm. The video
records, however, suggested that the gap (R) between the flame and firebrand approximates to 2 £ 0.5
mm prior to extinction (Fig. 7c¢), which means that the pyrolyzed gas can develop to a completely
premixed one before being ignited. Thus, it is possible to take t;; = t.p, in this work.

The chemical time can be given by t., = R/S,, where R denotes the gap width, and S; is the
laminar burning velocity, which has a typical value of 0.5 m/s [33]. As a result, the pilot delay is t;; =
t.n = 4 ms. By re-examining Fig. 9, there are two factors that affect the residence time (t,..) of fuel gas
to stay in the wake region: (1) the relative velocity V; between the flame and ball, which equals the
velocity of the firebrand. This is because in the coordinate of a moving firebrand the pyrolysis gas seems
to be injected out from the burning piece, and (2) the sound-induced velocity U along the y-direction.

Since the target extinction only occurs within the uniform sound region, it can be considered that the
critical pressure at a prescribed frequency, namely Py, acts uniformly on the spherical surface. To
introduce the sound-related parameters into the extinction criterion, an assumption was made in which

the sound-induced velacity is replaced by U, = ’P;/p , Where p = 0.26 kg/m?® is the air density at the

average temperature of 1300 K. In this way, the critical sound pressure could be related to flame
extinction, and the net velocity V that drives the premixed fuel gas out from the wake region is

calculated as:
V= |U2+V2= /P;/p+vs2 (4)

A competition between the critical values of Ug and V; is shown in Fig. 10a, where Uy is calculated
by using the extinction pressure in Fig. 8, and V; is obtained by measuring the high-speed video at the
extinction position. Results indicated that the two types of velocity are of the same order, which
confirms the combination of firebrand motion and acoustic wave as the primary factor that governs
flame extinction.

Given that t,., = D/V, the original expression of Eq. (1) can be reformulated as

D/ /(P*/p)+Vsz
D = d

i=— s )

Fig. 10b shows the solutions of Eq. (5) at the extinction limits. It was found that the application of
this expression could yield consistent results that locate around 1.0. Further, this criterion shows an
insensitivity in responding to frequency variation. Therefore, it can be defined as an effective indicator
of acoustic conditions to separate the low-fire-hazard and high-fire-hazard regimes for a moving and
flaming firebrand. Under the circumstance where Da* < 1.0, the flaming firebrand can be extinguished
due to the acoustic disruption of the wood-flame cycle. Otherwise, the flame should persist because of
quick ignition.
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Fig. 10. (a) Comparison between sound-induced velocity (Us) and firebrand velocity (1), and (b) the
calculated values of Da* at the extinction limit of different sound frequencies. The error bar denotes
the measuring error by the decibel meter.

3.4. Fire technology applications

Based on the successful acoustic extinction of fast-moving flaming firebrands, a sound-based fire
protection system can be designed for the residential houses in the WUI area to reduce the possibility
of being remote-ignited by the large-density firebrand spotting. For instance, Fig. 11 illustrates an
idealized acoustic WUI fire-protection system that shields the flaming firebrands. Here, multiple
speakers were designed based on the house envelope to prevent the flaming firebrands from all
directions. There is still a long way from the lab-scale research to real fire protection applications. Some
key parameters require further investigations, such as the optimal incident angle of sound wave (e.g.,
the effective distance and perimeter) and its potential impact on human health. Nevertheless, this lab
research has provided useful scientific insights into this application. For instance, the tested 20-mm
firebrand sample is within the statistical range 18 + 6 mm [27], and a maximum flying velocity 4.2 m/s
allows the firebrand to transport for about 10 m [17, 25]. Because the flame of smaller firebrands has a
lower HRR and is easier to extinguish, the critical acoustic field presented in this paper should be able
to shield the flame of most real firebrands.
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Fig. 11. Application of sound suppression technology to shield the flaming firebrands.
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Compared with the conventional water- and gas-based fire suppression systems, this acoustic-based
flame suppression system has some excellent advantages, because it is able to tackle the fast-moving
flaming firebrand shower by generating a special shield for the house and community (see Fig. 1b). One
possible limitation of this system is the high demand for the power of the speaker. Nevertheless, the
intensity of the sound wave can be enhanced by guided reflection or producing the stationary waves,
which requires a custom design of the acoustic field based on structure and landscape and should
balance the firefighting performance and the overall cost.

On the other hand, smoldering or glowing firebrands with high temperature also significantly pose
an ignition threat to WUI [34, 35], and their fire hazard could suddenly increase via the smoldering-to-
flaming (StF) transition [23, 36]. In the experiment, we also found that the acoustic field increased the
charring process on the sample surface while limiting the possibility of smoldering-to-flaming (StF)
transition, because the flame fails to stabilize itself. To better understand of sound suppression on
different WUI-fuels, more fundamental research on the effect of sound wave on firebrand size,
chemistry, and moisture content are required. In addition, the impact of the sound wave on the
smoldering firebrand is still unclear. To make the system more practical and reliable, an optimal design
of the acoustic field, e.g., generating reflection waves and stationary waves, as well as saving energy,
is required in future research.

4. Conclusions

This experimental work investigated the acoustical extinction of flame on moving firebrand. The
characteristic firebrand was supported by the dry wood ball with a diameter of 20 mm and a mass of
2.9 g, and its motion was controlled by a pendulum system up to 4.2 m/s. The local sound pressure
varied from 90 to 114.3 dB, and the sound frequency varied from 95 to 105 Hz. Results suggested a
positive correlation between the sound pressure and frequency for extinguishing the firebrand flame.

Moreover, as the moving speed of firebrand increases from 0 to 4.2 m/s, the required minimum
sound pressure for extinction decreases significantly from 114 dB to 90 dB. The cumulative effect of
the firebrand motion and wave oscillation, which deflects the pyrolyzed fuel away from the firebrand,
leads to a disruption of the fuel-flame cycle and invites extinction. A characteristic Damkohler number
(1.0 £ 0.2) was found to characterize the ratio of the residence time of fuel to the chemical time of flame,
which defines the critical sound condition for extinguishing a moving and flaming firebrand. The
insights gained from the single flaming firebrand can aid the understanding of acoustic impact on the
extinction of flame on the moving solid fuel. More complex acoustic-suppression configurations with
multiple speakers and firebrand showers will be investigated in the larger-scale wind-tunnel tests and
presented in the future work.
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