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Remotely extinguishing flames
through transient acoustic
streaming using time reversal
focusing of sound

Jay M. Cliftmann & Brian E. Anderson™

Acoustic waves are a possible reusable method to extinguish flames. Previous studies have placed the
sound source near the flame or have used standing waves to reach large enough acoustic amplitudes to
extinguish it. In this study, a new method is explored: using time reversal in a room to focus transient
acoustic waves to the flame to extinguish it. The peak acoustic overpressure level needed to extinguish
a candle flame in the middle of the room is 191 dB,,..x re 20 uPa when using a frequency range of

300 to 15000 Hz. The sound level at other locations of the room during the focusing was 130 dB. The
required peak level is lower when using a less stable flame, or when the flame is near a room boundary.
The momentary focus of high-amplitude sound waves subsequently causes acoustic streaming or a
flow of air at the flame location that extinguishes the flame. By analyzing high-speed video, it is shown
that acoustic streaming extinguishes the flame when using this method, not the acoustic particle
displacement. It is also shown that the streaming does not occur when the flame is not present.

Keywords Acoustics, Time reversal, Acoustic streaming, Nonlinear acoustics, Flame extinction, High-speed
imaging

Using acoustic waves to extinguish flames has been studied for its novelty and potential. Acoustic extinguishing
of a flame has been studied because if it became practical, it would be environmentally friendly, reusable, and
would not cause damage to equipment!~. It also has the potential to be safe around people. However, using
sound to extinguish flames has shortcomings, such as the proximity of the sound source to the flame or the size
of flames that can be extinguished>°. These shortcomings stem from the mechanisms that extinguish the flame.

Recent literature suggests two main mechanisms for how the acoustic wave extinguishes small flames. The
first is that the oscillating acoustic particle velocity caused by the passing pressure wave contributes to the
extinction by displacing the flame back and forth (the oscillating partial vacuum in the rarefactions of the sound
wave does not affect the flame significantly)®=®. The second mechanism is a net, unidirectional flow of air from
the sound source that unidirectionally deflects the flame, also contributing to extinction!. Though not reported,
net flow can be seen as the unidirectional deflection of the flame to one side in the images of much of the existing
literature>=®3-12, This net flow should not be confused with the “speaker-induced wind” noted by Xiong et al.
which is an oscillatory, particle displacement that is larger than predicted by the sound pressure level measured
at the location of the flame. This “speaker-induced wind” discrepancy is likely caused by modeling the acoustic
source as a plane wave rather than a monopole.

The net flow and vortices (or vortex rings) produced by a sound source are considered acoustic streaming
Acoustic streaming is a nonlinear effect caused by both dissipation and by the sound wave interacting with a
boundary'*!>. When streaming occurs, the airflow is often rotational'1°. To achieve streaming, one often uses
a long-duration, finite-amplitude, steady-state sound wave using continuous-wave excitation'4"1°. However,
short-duration, aperiodic sounds are known to also cause streaming'”!. Streaming has been studied heavily for
biomedical applications as well as for fluid mixing and boundary cooling'®.

Both a net flow of air and vortex rings are seen when high-amplitude and low-frequency sound waves pass
through holes'>!“. This is considered acoustic streaming. Both high-amplitude and low-frequency waves are
used for many of the flame extinction studies cited here, and some of them have hole-like apertures that the
acoustic wave exits. For instance, in the context of the design of loudspeaker ports, acoustic streaming from a
loudspeaker operating at high amplitudes has been shown to create vortex rings moving away from the port!¥-23.
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Furthermore, vortex rings are effective at extinguishing flames at longer distances, perhaps explaining why some
acoustic extinguishing devices are effective at large distances?*!. What this means for many of the past studies is
that both oscillatory particle velocity and acoustic streaming contributed to extinction.

Anyone can see acoustic streaming and can even extinguish small flames with their smartphone speakers
using any “blower”-type app (search for “blower” on the app store). The app plays loud sounds from the
smartphone, and, because the holes for the sound to get out are so small, there is a net flow from the device that
can extinguish small flames. The effect of the net flow and vortex rings from a sound source on extinguishing
amplitudes or distances is not well understood and should be studied further. Despite not being well understood,
some have exploited it in the design of their sound source by creating a small-diameter, loudspeaker-like port
with sharp edges that can blow out flames from longer distances®*. The pipes or waveguides some researchers
have attached to their loudspeakers can cause acoustic streaming. Loudspeakers themselves (not the waveguides
or ports) may cause a net flow of air aiding in the extinction of small flames.

Of the two mechanisms (oscillating acoustic particle velocity and acoustic streaming), most of the studies
have sought to maximize the oscillating air particle velocity at the location of the flame. Low-frequency sound
waves have a larger particle velocity, so many studies have shown that lower-frequency waves are better for
putting out flames!~>-710-1225-30 Beyond using low frequencies, recent research can be placed into two main
categories based on how they maximize acoustic particle velocity. The first group places the flames very close to
the sound source, and the second group uses standing waves in rooms or pipes to extinguish a flame.

In the first group, the flame has been placed near the sound source! 112272931 Regearchers either placed the
flame right next to the loudspeaker':*¢830 or they attached a pipe (waveguide) to the loudspeaker and placed
the flame near the end of that?*7:8:10:11:2627.29.31.32 "They attach a waveguide to channel the sound and to avoid
burning the loudspeaker. The flame was placed as little as 3 cm from the loudspeaker or waveguide to achieve
large enough particle velocities for extinguishing®'. Wilk-Jakubowski et al.?>?” and Taspinar et al.* were able to
extinguish flames at much larger distances. The first used the resonance of the attached waveguide at 17 Hz to
generate a large enough amplitude to extinguish a flame 1.2 m away, and the second used a loudspeaker port
excited by four drivers to generate a large enough amplitude to extinguish a flame at 1.9 m away from the port at
about 15 Hz. The large distances from the source were possible because they used lower frequencies and because
their devices likely exploited the acoustic streaming generated at the port of low-frequency sources®1%19-24,
Unfortunately, all of the studies in the first group did their experiments in rooms and thus standing waves or
reflections from walls may have impacted their findings. More work needs to be done to separate the impacts
of placing flames near the sound source versus room effects such as standing waves or reflections from walls.

For the second smaller group, the flame is extinguished by exciting a standing wave in a room or pipe with the
flame inside it'?*. By using standing waves, the researchers might eliminate the acoustic streaming mechanism,
putting out the flames using only acoustic oscillations. However, this would need to be verified because
streaming can exist in standing waves'*. The main effort for using standing waves to extinguish flames was by
unnamed researchers working for DARPA (the United States Defense Advanced Research Projects Agency)'!.
They used standing waves to extinguish a flame 2 m from the source at a frequency that excited a room mode. At
neighboring frequencies above and below the resonance, the flame was not extinguished. In addition, they found
that they could extinguish a flame near a wall of the room where there is theoretically zero acoustic particle
velocity in a standing wave. They offered no explanation for the flame’s extinction in this case. Further work
needs to be done to understand this phenomenon.

In this paper, we present a third method of extinguishing flames using sound waves: high-amplitude focusing
of sound from a distance. This eliminates the effect of acoustic streaming near the sound sources because the
sound sources are far away. Also, the focusing happens quickly enough that standing waves are not set up.
Time Reversal (TR) is a signal processing technique®*~*¢ that has been used, among other things, to focus
high amplitude sound to a selected location for a brief moment in time*’~%°. TR works better in a reverberant
environment because it causes all of the reflections to constructively add at the focal location. The ability of
TR to create high amplitudes has been studied extensively for biomedical treatments**-*, for non-contact
excitation?®"7, for nondestructive testing®*%->!, and in rooms*”352-54, Patchett et. al’” used TR of audible
sound in rooms to reach peak focal amplitudes of 200.6 dB. Patchett et al. also reported wave steepening in
TR focusing in rooms, a nonlinear effect’”*#3, TR has been shown to cause acoustic streaming at sufficiently
high amplitudes using steady-state ultrasound®->’. Similar to Patchett et al.¥’, we use TR in a reverberation
chamber to generate acoustic waves with amplitudes high enough to extinguish a small flame. We also show that
high-amplitude, transient TR focusing of audible frequencies in air can cause acoustic streaming, and it is the
streaming that extinguishes flames while using this method.

We report here on the extinguishing of a candle flame far from multiple sources. By using TR at frequencies
of 300 to 15000 Hz, we can achieve brief localized pressures of amplitude sufficient to extinguish a candle flame.
We also show evidence suggesting that the mechanism for extinction when using TR is acoustic streaming.

Methods

Time reversal acoustics

TR can be done in multiple ways using any type of wave. Here we use multichannel TR using audible acoustic
waves in rooms. Multichannel indicates that we are using more than one loudspeaker simultaneously. To start
the TR process used here, one places a microphone at the desired focal location in the room. One by one, each
sound source broadcasts a chirp signal into the room while the microphone records a chirp response. Each
of these separately-recorded chirp responses is then processed with the broadcast chirp signal to retrieve the
impulse response (IR) from each source to the microphone location. This process is essentially a deconvolution
operation and is done digitally using a cross-correlation®®>. This process yields a high quality IR with a higher
signal to noise ratio than if a pulse was instead emitted to obtain the IR. Each IR contains the timing of each
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arrival of the broadcast wave at the microphone. The majority of arrivals reflect off of multiple walls before
reaching the microphone. Each IR is then digitally reversed in time, hence the name time reversal.

To better understand how the TR process works, it will be helpful to consider only one source. After the IR
from this source is reversed in time, the time-reversed impulse response (TRIR) will then be broadcast from
that same source. The timing of each emission from the source will be reversed relative to their original arrival
times at the microphone. This means that the part of the signal played first will correspond to the path that
took the longest time to travel between the source and the microphone, the second part of the signal played will
correspond to the second longest path, and so on. After all of the TRIR is played, some portion of each emission
of the TRIR will arrive at the microphone at the same time, constructively adding. The constructive interference
of the many arrivals of waves at the microphone location is a result of reversing the timing of the reflections in
the IR. Some energy travels these same reflection paths, and this reversed timing ensures that the energy that
traverses these many paths arrives in phase at the microphone. Late reflections in the IR are broadcast first and
have time to travel their paths, followed by early reflections that need less time to travel to the microphone, and
finally the direct sound emission. Some amount of energy arrives coherently from all of these paths, creating
the TR focusing. In a sufficiently reverberant room, this causes a spherical converging focus at the microphone
from only one source®.

In this study, we will be using eight sources as shown in Fig. 1. When we use all eight sources, each source
can individually focus to the microphone. By time aligning the broadcasts from all sources, the foci from each
different source constructively add, resulting in a spherical focus about eight times or 18 dB larger in amplitude
than the focus of a single source.

The TR process is depicted in Fig. 2 where (a) is the chirp signal, (b) is the recorded chirp response from one
loudspeaker, (c) is the TRIR for one loudspeaker, and (d) is the recorded focal signal while broadcasting all eight
TRIRs simultaneously. The chirp signal is a 6-second linear sine sweep from 300 Hz to 15000 Hz with a cosine-
tapered window. The cosine-tapered window is used to smooth out discontinuities when starting and stopping
the chirp signal®!. This chirp signal dictates the range of frequencies used during the focusing.

What also determines the spectral content present in the focal signal is the frequency response of the room.
A reverberation chamber is used with dimensions of 5.69 X 4.32 X 2.49 m (61 cubic meters), a reverberation
time of 4.16 s, and a Schroeder frequency of 522 Hz (the boundary between the modal region and the diffuse
field region of a room). It is shown schematically in Fig. 1. The room also has plexiglass panels erratically hung
from the ceiling which introduce random scattering of waves in the room but also increase absorption at higher
frequencies. Because the room has higher absorption at higher frequencies, the low-frequency energy (about 300
Hz to 2000 Hz) dominates the focus. The spectrum of the focus signal is shown in Fig. 3. Of note in the spectrum
is the negligible amount of energy above 5 kHz in the focus.

High-amplitude acoustic waves are needed to extinguish flames. Prior research explored techniques to
increase the amplitude of TR focusing. We employ several of these techniques in this study. First, we place
the loudspeakers facing away from the focal location as shown schematically in Fig. 1°8. Second, we place the
loudspeakers very close to the walls to increase the radiation efficiency of the loudspeaker®*. Third, we perform
all of these experiments in a reverberation chamber as TR can use the extra reflections to increase the amplitude
of the focus®*©%63, Fourth, we digitally clip the TRIRs**°!. As clipping decreases focal quality (temporally and
spatially), this method was used as a last measure to increase amplitude. We clipped the +1 magnitude TRIR
signal to a +.01 threshold. After this, we re-normalized the signal to be +1 again.

We used custom LabVIEW software to generate the signals used in this process®*. These signals were output
from the computer using two Spectrum M2i.6022-Exp cards before being amplified by two 4-channel Crown
CT4150 amplifiers. These amplified signals were then sent to the sources, eight BMS 4590 coaxial compression
drivers with horns. The acoustic waves were recorded using a PCB 112A23 microphone and a GRAS 12AX CCP
power supply and digitized with a Spectrum M2i.4931-Exp card sampling at a frequency of 250 kHz with a bit
rate of 16 bits. The software, cards, amplifiers, and microphone power supply are combined into the box labeled

“Computer” in Fig. 1.
%
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Figure 1. A visual schematic of our experimental setup. It shows eight horn drivers in a reverberation
chamber. It also shows a microphone and a lit candle. The candle was not lit and the microphone was placed
at the location of the flame to measure impulse responses from each horn driver. The microphone was then
removed and the candle was lit before the focusing and extinguishing events. The box labeled computer
contains the software, cards, amplifiers, and microphone power supply needed to perform the experiment.
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Figure 2. Normalized example signals used throughout the time-reversal process. (a) shows the chirp signal
that is broadcast from each source. (b) shows the chirp response from one source after the broadcast. (c) shows
the time-reversed impulse response for one source. (d) shows the focus signal after broadcasting from each
source. Note the different time scales on each graph.
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Figure 3. The normalized spectrum of the focus signal. Due to the higher absorption of higher frequencies in
the room, there is more low-frequency energy present in the spectrum.

We also used an Applied Motion translational stage to move the microphone programmatically. By
broadcasting the TRIRs and recording at different positions, we can get the pressure signal at many different
points in space and, assuming repeatability, can reconstruct the pressure field experienced by the flame and the
surrounding area both spatially and temporally.

Description of candle flames

A candle was used as the source of our flame. A thin, cylindrical, fast-burning candle was used to minimize
reflections of sound off of the candle. The candle is shown schematically in Fig. 1. Different shapes of candles
and different-sized flames affected the required peak sound pressure level needed to extinguish the flames,
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so a thin, cylindrical candle was picked to eliminate the effect of the shape of the candle. Candle flames are
laminar diffusion flames®%. The average height of the candle flames in these experiments was about 2 cm. To
eliminate acoustic boundary effects the candle was mounted high above the ground by a small lab clamp as
shown schematically in Fig. 1. The candle, flame, and lab clamp can be seen later in Fig. 5.

The procedure for using TR to extinguish flames is as follows. A microphone was placed just above the unlit
candle wick where the flame would be if the candle were lit. The individual IRs from each of the eight sources
were obtained. All TRIRs were broadcast simultaneously and a focal signal was recorded from which loudness
could be measured. Then the microphone was moved out of the way and the candle was lit. The TRIRs were then
broadcast again to extinguish the flame. Once extinguished, the candle can be re-lit and re-extinguished multiple
times using the same TRIRs.

The microphone (and thus the focus) was placed at the expected central location of the flame to measure
the peak amplitudes needed for extinguishing. We also placed the focus above or to the side of the flame
when tracking the flame in high-speed footage to better see the flame displacement due to acoustical particle
displacement, acoustic streaming, and the resulting extinguishing. The focal location is not at the center of the
flame for each high-speed video result shown here.

Video equipment and processing techniques
A Phantom V1610 high-speed camera was used to capture the extinction event. A frame rate of 20,000 fps was
used and each video was exported and played at 30 fps as seen in the supplementary material.

To find the displacement of the flame, we tracked the position of the flame from the high-speed video. We
took each frame of the video and noted each group of pixels that exceeded a brightness threshold. Then we
calculate the centroid location of the group of bright pixels associated with the flame. Tracking the location of
the centroid over time gives us time-dependent X and Y positions of the flame. This method of tracking the
movement of the flame stops being effective at tracking flame displacement when the flame changes shape just
before extinction.

Results

Extinction metric

To determine what acoustic focal amplitudes successfully extinguished the candle flame, we lit and attempted to
extinguish the candle flame at least 8 out of 10 times. For those 10 measurements, we measured one set of IRs
to focus to the first 5 lit candles, and then we measured a second set of IRs to focus to the second 5 lit candles.
Changing the focal amplitude by 1 dB increments, the minimum peak sound pressure level at which the candle
flame was extinguished 8 out of 10 times was 191 dBpeak re 20 pPa. For that focal amplitude, the spatially-
averaged overall sound pressure level at other locations in the room was 130 dB.,ms for 12 seconds. If a person is
not at the location of the focus, the sound level they will experience is 12 seconds of 130 dB. This is technically
acceptable within OSHA standards (the United States Occupational Safety and Health Administration), but
people begin to experience pain at this loudness®.

This threshold peak level, 191 dBpeak, is only valid for these specific candles placed far from walls where
the focal location is at the position of the flame. If we change any of those three things, then the threshold level
changes. First, the threshold level for extinguishing decreases for shorter or less stable flames, agreeing with
the literature*®!!. Second, the closer the flame is to a wall or boundary, the lower the amplitudes needed to
extinguish the same flame, possibly due to increased levels of streaming that occur near boundaries. Finally, the
amplitude of the foci needed to extinguish a flame changes as the distance from the focal location to the flame
varies until there is no extinction when the focus is far from the flame. We did not explore the latter relationship
extensively in this study, but we can typically extinguish a flame within £5 cm of the focus at 191 dBpeax.

Because the focused wave will only extinguish a flame near the focal location, it allows us to extinguish a
single candle flame without extinguishing others around it. A real-time (not high-speed) video of this can be
found in Supplementary Video S1. This provides an interesting educational demonstration of how TR-focused
sound waves can be used to target a single location, in this case extinguishing one flame among many. It is similar
to work done by others to demonstrate TR focusing®¢%.

Flame displacement and time of extinction

Snapshots at 1.5 and 0.75 ms time intervals of example candle flames being extinguished can be seen in Fig. 4 and
in Fig. 5, respectively. The position of the spherical TR focus is shown with a white colored “x” on each image.
The corresponding video can be found in Supplementary Videos S2 and S3. For these images, we have placed the
focus above (Fig. 4) and to the side of (Fig. 5) the flame to better explore how the flame is extinguished.

Figure 6 parts (a) and (b) show the X and Y displacement of the flames’ centroids shown in Fig. 4 and Fig. 5,
respectively. Also shown is the approximate predicted acoustic particle displacement obtained from microphone
recordings. The process of getting the approximate predicted acoustic particle displacement is described in more
detail in section 3.3. Each dataset (X, Y, and Predicted) is offset on the y-axis by 5 mm for visual clarity. A vertical
yellow bar highlights the portion of time that the flame is displaced by the passing acoustic wave as predicted by
the approximate acoustic particle displacement.

Before the arrival of the acoustic focal wave (the region to the left of the yellow highlight in Fig. 6), the position
of the flame varies only slightly. When the acoustic focus converges (the portion of time highlighted yellow), the
flame moves very quickly toward the focus and then back to its original position. This movement toward the
focal location is mostly in the Y direction in Fig. 6a and mostly in the X direction in Fig. 6b because the focal
locations were above and to the right, respectively, in those experiments. After the acoustic focus diverges and
moves away from the flame, the centroids of both flames move slowly toward their respective focal locations,
but now in one consistent direction. These are the portions of time in Fig. 6 after the yellow highlights. Finally,
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Figure 4. Ten video frames, 1.5 ms apart, of a flame as it is extinguished. The time is shown in the bottom left
corner of each frame. The focal event occurs at the t = 1.5 ms frame. There is a white colored “x” overlaid at
the position of the focus above the flame. Also shown is a 1 cm scale bar in the first frame. The corresponding

video is found in Supplementary Video S2.

« t=0.75 ms « t=1.50 ms o 1=2.25 ms «: t=3.00 ms

Figure 5. Ten video frames, 0.75 ms apart, of a flame as it is extinguished. The time is shown in the bottom
right corner of each frame. The focal event occurs at the t = 1.5 ms frame. There is a white colored “x” overlaid
at the position of the focus to the side of the flame. Also shown is a 2 cm scale bar in the first frame. The

corresponding video is found in Supplementary Video S3.

when both flames are extinguished, the centroids move from one fragment of the original flame to another until
no portions of the flame exceed the brightness threshold, and the flame is gone. In Fig. 6, this is visible when the
movements of the centroids are erratic and then disappear. Figures 4 and 5 show the video frames of maximum
acoustic particle displacement at t = 1.5 ms. The frames do not show the movement of the flame due to the
acoustic particle displacement very well because the movement of the flame due to the acoustic wave happens
within 0.5 ms. However, the brief, back-and-forth movement of the flames due to the acoustic focal event is
visible in the corresponding videos in Supplementary Videos S2 and S3.

By putting the predicted acoustic particle displacement on the same time scale, we see that the flame
experiences the acoustic particle displacement from the focused sound wave, but nothing in the acoustic data
describes or predicts what happens after the yellow highlighted sections of Fig. 6 (because microphones do not
detect static flows and, as we will find out is important, the flame was not present when the acoustic data used
to predict the particle displacement was taken). The time alignment of the flame displacements from the video
and the predicted acoustic displacements extracted from the microphone recordings will be discussed in the
next section.
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Figure 6. In both (a) and (b), the X (in red, solid) and Y (in blue, dashed) displacement of the flame’s centroid
shown versus time. Positive values in X denote a displacement to the right in the video frame and positive
values in Y denote up in the video frame. The approximate predicted acoustic particle displacement at the
location of the flame is also plotted (in green, dotted) and was numerically calculated from a similar acoustic
pressure field. The datasets are offset by 5 mm on the vertical axis for visual clarity. The time range over which
the acoustic wave focuses is highlighted in yellow and the focal events in both (a) and (b) occur at 1.5 ms.
Graph (a) corresponds to Fig. 4 and graph (b) corresponds to Fig. 5. The time values on the horizontal axis
correspond exactly to the time values on the frames of Figs. 4 and 5.

Acoustic displacement
Flame movement in most acoustic fields can be predicted well by acoustic particle displacement®. Before time-
aligning, we first calculate the expected acoustic displacement from the spatial dependence of a measured
pressure wave field of a high amplitude TR focus. By doing so, we can predict flame movement.

The acoustic particle displacement can be approximated using the well-known linear Euler’s equation
(momentum equation):

v
2~ _yp (1)
P ot
where p is the static density of air, V is the acoustic particle velocity, V is the gradient operator, and P is the
acoustic pressure. If we know P at many spatial points in the acoustic field we can solve for the particle velocity,
V, and from that the acoustic particle displacement.

We can only get approximate values for the displacement from this equation because the pressure waves are at
high enough amplitudes to have significant non-linear effects®”*#52%3, So, using a linear Euler’s equation with
these waves will only yield approximate values that can provide a qualitative understanding. Despite this, the
approximate displacement values we get from the linear Euler’s equation will allow us to time align the acoustic
displacement with the flame displacement observed in the video, giving us insight into when the focal event
occurred compared to the extinction of the flame.

We found the acoustic pressure field in both time and space throughout the focal region of a high-amplitude
focus using the translation stage equipment discussed in the Methods. The pressure field consists of time signals
recorded at 181 positions along a line that includes the focal position. The total length of the 1D scan of the
pressure field is 1.8 m with 1 cm spacing. Numerically integrating the pressure twice in time and then taking the
gradient at all individual time steps, or in this case just a numerical spatial derivative in 1D, gives us the estimated
acoustic particle displacement at each point in space. Both the pressure and the acoustic particle displacements
are shown as a function of position in Fig. 7 at the time of maximal focusing. Note the two vertical axes on the left
and the right, one for pressure and one for displacement. The focal position is at 0.9 m. A negative displacement
indicates a displacement in the negative X direction. The displacement in Fig. 7 has positive and negative peaks
at a distance of +3 cm on either side of the focal position. The center of the focal position experiences a negligible
amount of particle displacement throughout all time. Because the flame has some spatial extent, if the flame is
centered at the focal position it will be slightly compressed but no translation motion will occur due directly to
acoustic particle displacement.

We can see the estimated particle displacement and the translation motion of the flames as a function of time
in Fig. 6. The flame is 1 cm away from the focal location in Fig. 4 and 5 cm away from the focal location in Fig.
5. Because the flame and the focal location are not colocated, we overlaid the predicted particle displacement
for a particle that is 1 cm and 5 cm away from the focus onto Fig. 6a,b, respectively. The features highlighted
in yellow of the tracked flame displacements match in shape to the features in the time signals of the estimated
acoustic displacements, but they are smaller in amplitude than the measured flame displacements by 1 mm and
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Figure 7. The spatial extent of the pressure and the acoustic particle displacement (obtained using the linear
Euler’s Equation) at peak focal time. The pressure, in dashed black, has axes on the left while the displacement,
in solid red, has axes on the right. The focal position is at 0.9 m.

5 mm, respectively. Because the acoustic particle displacement and the flame displacement have similar shaped
features, we can time align the flame displacement with the acoustic particle displacement using those features.

After time alignment, we can see that the flame is extinguished (has no more bright spots in the video frames)
about 9 ms and 3 ms, respectively, after the focal event. Those delay times correspond to the focused acoustic
waves having traveled about 3 m and 1 m, respectively, away from the flame by the time the flame extinguishes.
Thus, the acoustic focal waves initialize the extinguishing event but do not directly cause the extinguishing of
the flame.

Cause of extinction

The flame extinguishes when it is moved away from the fuel source (the candle’s wax that evaporates off of the
wick) for enough time to burn out, for the fuel source to cool, or a combination of those two effects. This is
known as blow-of?#6>70, This long movement away from the fuel source can be seen after the yellow highlight
in Fig. 6. In this time region, the acoustic wave is no longer affecting the flame. This begs the question: What is
pushing the flame away from the wick after the acoustic wave is gone?

To visualize the movement of air near the flame we placed a flat bundle of thin polyester fibers next to the
flame. The video frames for 2 different videos are shown in Fig. 8. The top 5 frames, Fig. 8a, show the results of
a focus without a flame present. The bottom 5 frames, Fig. 8b, show the results of a focus with a flame present.
Both videos are aligned so that their foci occur simultaneously. In the first set of frames, the fibers are deflected
a very small amount, however, when the flame is present during the focus in the second set of frames, the thread
deflects much more. When the flame is present, the thread deflects to the left around the top of the flame while
the flame deflects to the right. There is an apparent counter-clockwise rotational flow of air that causes these
movements and causes the extinction of the flame. This rotational airflow after the acoustic event extinguishes
the flame and is evidence of acoustic streaming.

Thus, the flame is extinguished by acoustic streaming, a non-oscillatory flow of air generated by nonlinear
acoustic effects. We believe streaming is present because the translational and rotational motion of the flame
and thread indicate a rotational flow of air that is typical of streaming. It is also acoustic streaming because the
acoustic particle velocity (the fast back-and-forth movement of the flame) is much larger than the steady air
velocity seen in the slower movement of the flame or thread after the acoustic event, which is also typical of
airflow caused by streaming!*!®. Additionally, a mean flow of air after the focusing of the acoustic waves, can
be observed in both Figs. 4 and 5, but the streaming is most prominent in Fig. 8b. The slow movement of the
flame (and the air around the flame) after the yellow highlight in Fig. 6 is caused by the acoustic streaming. The
acoustic wave initiates the streaming, but the streaming continues after the focal wave is gone and blows the
flame out.

Why then is acoustic streaming happening in this case? Streaming typically occurs in high-amplitude and/
or high-frequency waves near boundaries and in viscous fluids'*6. While the frequencies used here are not
considered very high and the air is not particularly viscous, the waves used are very high in amplitude and there
is an acoustic boundary present in this situation. Comparing the motion of the thread in Fig. 8a,b shows that
the thread moves very little when the flame is not originally present. The acoustic boundary in this situation
appears to be the change in sound speed caused by the column of hot air above the flame, and this boundary
may be initiating a preferred direction of flow for the streaming. Laminar flames have a laminar column of hot
air flowing upward due to convection (also called the thermal plume of the flame)”". It can be seen in Schlieren
images of any flame’’. The column of hot air is not present when the candle is not lit, so the streaming does not
happen. That is why the thread does not move much in Fig. 8a. Typically, TR would account for sound speed
changes like the column of hot air in the IR, keeping the focus spherically symmetric. However, the IRs were
collected when the candle was not lit so the column of hot air was not accounted for in the TRIRs used for
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t=54ms t=6.9ms t=21.0ms t=42.0ms

Figure 8. Two sets of video frames from 2 different videos. (a) consists of the top 5 video frames and is from
the first video. (b) consists of the bottom 5 video frames and is from the second video. (a) contains no flame,
but (b) shows a flame being extinguished. The videos are aligned in time with their focal events for visual

comparison. There is a white colored “x” overlaid at the position of the focus. Also shown is a 2 cm scale bar in
the first frame.

focusing. The hot column of air probably causes an asymmetry in the spherically converging wave increasing the
likelihood of streaming and blowing out the flame.

Discussion and conclusion

This work demonstrates a new method to remotely extinguish flames using acoustic waves, namely Time
Reversal (TR) focusing. In this study we have shown that TR focusing can be used to extinguish flames when
the peak pressure at the flame is above 191 dBpeaxk re 20 Pa while the spatially-averaged overall sound pressure
level at other locations of the room was 130 dBrms . This peak amplitude threshold depends on flame height
and proximity of the flame to walls or the focal location. The flame is extinguished as it is blown from the wick
by acoustic streaming, rather than by acoustic displacement. The acoustic streaming is present well after the
acoustic wave focuses due to both the high amplitudes present and the asymmetric column of hot air above the
flame which changes the sound speed of portions of the focusing acoustic waves.

TR focusing of acoustic waves is a new method to extinguish flames using sound. TR excels in reverberant
environments, such as inside buildings. Because it is a focused wave, it could be quiet enough to protect
people’s hearing who are located away from the focal location, but loud enough at the flame to extinguish it.
Further research could explore means to decrease amplitudes away from the flame such as with the use of more
loudspeakers. With more loudspeakers, the focal amplitude will increase relative to the field amplitudes, thereby
decreasing how loud it is away from the focus. In addition, the loudspeaker(s) could be installed in fixed locations
and be able to focus and extinguish flames at many different locations in the same room without moving the
loudspeakers (provided impulse responses at these different locations were already obtained), unlike the existing
methods where the loudspeaker would need to be moved closer and pointed toward the flame.

More can be learned about how different frequencies and frequency ranges affect the TR peak amplitudes
required to extinguish the flame. Perhaps using lower frequencies will decrease the peak amplitude threshold, as
has been shown in other studies. In addition to this, work could be done to understand the size of flames that can
be effectively extinguished using this method. The spatial extent of TR focusing is known to be approximately
the size of the central wavelength of sound used in the band and thus larger flames may be more likely to be
extinguished by using a lower frequency bandwidth, though nonlinear acoustic effects such as streaming are
known to more likely occur with higher frequency content.
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