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25-314 Kielce, Poland; j.wilk@tu.kielce.pl; Tel.: +48-41-342-42-01

Abstract: Symmetry plays a key role in the processing and analysis of not only visual but also acoustic
signals in various multidisciplinary areas. New innovative and environmentally friendly methods
for extinguishing flames are still being sought worldwide. One of these techniques appears to be the
acoustic method. A laboratory stand was built for this purpose, which was coupled with the tested
prototype of a high-power acoustic extinguisher, and then the original experiments and analyses of
extinguishing effectiveness were carried out. For extinguishing, waveforms with specified parameters
selected symmetrically around the frequency for which the extinguisher was designed were used. The
aim of this article is to present and discuss selected measurement results concerning the possibility of
flame extinguishing with the use of sinusoidal acoustic waves of low frequency (below 21 Hz), as
well as with the use of frequency sweeping techniques with set parameters. Such an extinguisher
can be equipped with an intelligent module so that the extinguisher may be activated automatically
(without human intervention) when flames are detected. The benefits of this combination as well
as the importance of image processing for flame detection are also presented in this paper. This
solution, with its good fire detection and fast response, may be applicable for extinguishing firebreaks
in particular.

Keywords: acoustic extinguisher; acoustic wave fire suppression; acoustic wave propagation; fire
detection; firefighting; fire retardation

1. Introduction

Symmetry plays a key role in signal processing, regardless of its nature. Signal
processing, as an interdisciplinary field included in several scientific fields, deals with
performing specific operations on signals and interpreting those signals. In the 21st
century, innovative ways to extinguish flames are still being sought. Since fires threaten
human and animal life and degrade the environment, crisis management scenarios also
include these spontaneous uncontrolled phenomena. The growing interest in robotics and
economic factors in crisis management have influenced the scope of ongoing work in this
area [1–3]. Not only chemistry, but also informatics, electrotechnics, electronics, and even
acoustics and ICT (information and communications technologies) are indicated as fields
of scientific research in this area. Studies on the effectiveness of particular techniques and
their application have been conducted for years [4–15]. A recent scientific novelty is the
use of neural networks for flame detection and wireless links for communication with the
extinguishing system (innovation), thanks to which—in the case of flame detection—the
extinguishing system can switch on automatically. In this respect, numerous studies and
works on image recognition as well as robotics and teletransmission are important [16–25].
Moreover, intensive scientific development has made it possible to use modulated waves as
well as unmodulated waveforms to extinguish flames. In the second case, carrier waves are
always emitted, regardless of the value of the modulating signal. Acoustic technique has
been indicated as one of the innovative methods of extinguishing flames. The benefits of its
use include, among others, lack of pollution, no need to replenish the extinguishing agent,
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and widely understood economic (cheaper than traditional methods of flame extinguishing)
and environmental (acoustic waves are not a chemical product, and therefore do not pollute
the environment) aspects.

According to the definition, signal processing refers to useful operations on or analysis
of signals. This paper is devoted to the analysis of signals in terms of their extinguishing
capabilities using large and very large acoustic powers. In this context, specific signals are
generated and then the measurement data obtained are analyzed in terms of the sound
pressure level at which the extinguishing effect is observed and the necessary power that
should be applied to the sound source to achieve complete extinguishment of the flames.
In this sense, the aim is to manipulate the parameters of the signals in such a way that the
flames are fully extinguished. For this purpose, among others, waveforms using frequency
sweeping techniques are used. The scientific efforts carried out in Kielce, supported by
local and national entrepreneurs dealing with fire protection, have contributed to the
development of a noninvasive acoustic fire extinguisher, taking into account the conceptual
apparatus of physics and acoustics, which in the long-term perspective allowed for its
construction [26]. Currently, the device is in the testing phase. During the research, using
high and very high acoustic power, by trial and error, researchers noticed that this technique
can be used to extinguish fires of different classes, which will be signaled later in the article.
The target product for the industry can be, inter alia, a noninvasive acoustic extinguisher,
using natural acoustic wave propagation mechanisms to extinguish flames both in closed
and open spaces outside the building. Such a device may be equipped with artificial
intelligence to enable flame detection using modern image processing techniques. As a
result of the works carried out, a protection of the patent office has been obtained for four
solutions allowing extinguishing flames with the use of acoustic waves [27–30].

It should be noted that there are also other solutions to extinguish flames with the
use of acoustic waves generated in the sound source. They can be seen as state of the
art and taken into account when describing the solutions in the field of the possibility of
extinguishing flames with acoustic waves. In this context, in addition to the inventions from
5 April 1988 (no. 4,735,282)—“Device and circuit for the generation of vortex rings”; from
4 May 1999 (no. 5,899,685)—“Remote lighted wick extinguisher”; and from 12 August 2010
(no. 2010/0203460)—“Process of extinction, expansion and controlling of fire flames thru
acoustic” should be indicated [31–35].

Currently, in Poland and worldwide, there are known research studies on the pos-
sibility of extinguishing flames with the use of acoustic waves [26,36–50]. It is worth
noting that the research works in this field were the subject of the scientific efforts of the
American agency DARPA, which develops new technologies for the country’s defense [36].
Through the analysis of the literature on this subject, only a few videos and publications
may be found, which confirms that this technique is still in the testing and development
phase [37–50]. When analyzing the literature review, there are only a few papers that
present the possibility of extinguishing flames with acoustic waves. Few of them are
related to gaseous fuel. The process of extinguishing flames using low-frequency waves,
depending on the power of the burner and the distance of the flame, is presented in the arti-
cle [46]. In practice, the average flow effect does not depend on the frequency of excitation
(it is noted that the value increases as the pressure increases) [46]. The flame is interrupted
when a critical pressure level is reached. The interaction of acoustic waves results in its
distortion, dispersion, and extinction. A thin but long flame is easier to extinguish than
a wide (thick) flame [47]. From the firefighting perspective, it is crucial to determine the
minimum sound pressure at which the effect of complete extinguishing of the flames is
obtained and the power delivered to the sound source at which this phenomenon occurs.
The process of flame stream rupture due to acoustic waves is described in [51]. Wrinkling
of the flame is presented in [52,53], and its bifurcation in [54,55].
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Both modulated and unmodulated waves can be used for firefighting purposes. The
paper [26] presents the influence of acoustic pressure on the flame extinguishing process de-
pending on the distance from the waveguide output for multiple frequencies. Empirically,
the relationship between increasing distance from the waveguide output and decreasing
sound pressure level was confirmed. It was shown that it is possible to extinguish flames
with waves of a frequency different from that at which the minimum acoustic impedance
was measured. However, the frequency mismatch adversely impacted the sound source,
resulting in the vibration of its diaphragm. As the frequency increased, the need to raise
the power delivered to the sound source was noted, at which the complete extinguishment
of the flames was recorded. However, the question was whether acoustic waves of varying
frequency can also be applied for flame extinguishing? An attempt to answer this question
is one of the key objectives of this paper. It is worth emphasizing that, if it would be possi-
ble, such application of acoustic waves may be of great importance in extinguishing flames
originating from different fuels, which would be difficult to extinguish with the classic
means of fire protection. Moreover, there is a practical justification for using this technique
in the future when classical fire protection means are unavailable or their quantity is limited
at the place where flames occur.

There are few works that used low-frequency acoustic waves with low acoustic power
delivered to the sound source, i.e., less than 30 W, to extinguish flames. In terms of the
analysis of the literature review, diffusion flame extinguishing (visualized with a streak
apparatus) is included in the paper [44], taking into account the critical frequency and
acoustic power. In practice, this paper presents results on the ability to extinguish a
diffusion flame considering different signal parameters. It was shown that the flames could
be extinguished by acoustic waves of different frequencies (35–155 Hz). However, the
power applied to the sound source was low (less than 30 W), resulting in a low sound
pressure level. Since the extinguishing effect was observed for a few centimeters from
the output of the waveguide, which was unsatisfactory, it was then recognized that there
was a need to continue the research in the future using much higher powers [44,47].
During that research, it was observed that extinguishing depends on the frequency of the
acoustic wave (the lower the frequency, the greater the extinguishing ability of the wave).
Previous research indicates that the application of low-frequency waves (below 100 Hz)
has a beneficial effect on the combustion process [56–58], while the combustion may be
discontinuous [59]. Moreover, in the article [56], it was stated that using low-frequency
waves it is easier to extinguish flames. This is related to the fact that for waves with
frequencies lower than 100 Hz, a reduction in the burning rate is recorded [57], which
depends on the type of fire (e.g., when extinguishing liquid flames, there is additionally
evaporation). Acoustic waves with low frequencies cause more flame turbulence and thus
show higher flame extinguishing efficiency. Similarly, the paper [58] showed that it is
easiest to extinguish flames using the lowest possible frequency from the range analyzed.
Furthermore, the paper [56] suggested that further decreasing the frequency may have a
beneficial effect on extinguishing flames using acoustic waves. For these reasons as well as
on the basis of our own analysis, the extinguisher was designed for a frequency of 17 Hz,
and its operating frequency range was chosen in a non-coincidental way.

In the experiments presented in this article, low-frequency waves (below 21 Hz) were
used for extinguishing. The choice of operating frequency (f = 15 Hz, f = 18 Hz, f = 21 Hz)
was dictated by the fact that a minimum value of acoustic impedance (11.4 Ω) was obtained
at 17.25 Hz. The selected frequencies were in a symmetrical arrangement around the
frequency for which the extinguisher was designed. It is worth noting that both the power
curve and the sound pressure curve had local maxima that were close to the frequency
for which the acoustic extinguisher was designed, i.e., 17 Hz. Moreover, as previously
mentioned, to fill the literature gap, this study applied much higher powers than those
used thus far to extinguish the flames, which made it possible in practice to increase the
range of use of acoustic technology for flame extinguishing. This reaffirms the fact that this
technology is not fully discovered. In the existing literature, no research results allowing
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for extinguishing flames from considerable distances have been found, which is possible
thanks to the use of large and very large powers, as well as frequency sweeping techniques.
Therefore, there was a need to fill the literature gap in this area. A candle was used to
clearly determine the extinguishing capacity of the wave. The article therefore fills a gap in
the literature by showing the possibility of extinguishing flames whose fuel was wax using
acoustic waves of low frequencies (below 21 Hz). A scientific novelty is the extinguishing
of flames at a considerable distance from the waveguide output, made possible by using
a high-powered sound source. The use of frequency sweeping techniques to extinguish
flames is also an original approach. During the research reported in this article, this has
been proven to be possible. This may be of potential importance when extinguishing fires
of different classes (extinguishing frequency changes).

It should be noted that acoustic flame extinguishing technology is currently at an early
stage of development (its operating range is a few meters at most). In practice, acoustic
extinguishers may serve as one of the means of fire protection. They can be installed per-
manently in areas particularly prone to fire (indoor environments), as well as constituting
movable devices that are one of the components of the firefighting system that is installed
in robots equipped with artificial intelligence (such applications, for illustrative purposes,
will be signaled in Section 3.5). When intelligent sensors are used, the environmental
changes and ambient conditions do not affect their functioning. Moreover, there is an
economic factor behind the use of intelligent sensors because they are cheap. For the above
reasons, these sensors are increasingly applied. It is possible to derive benefits from both
technologies (acoustic extinguishing of flames detected with the use of an intelligent sensor)
by combining these techniques, the results of which have been presented as part of the
work conducted in Polish–Bulgarian cooperation [48–50].

The article consists of several sections. First, a brief introduction is provided. Then,
the research methods used are discussed as well as the results including: sound pressure
level characteristics as a function of power supplied to the extinguisher, sound pressure
level characteristics as a function of distance from the extinguisher output, sound pres-
sure level and power characteristics as a function of frequency, flame extinguishing with
frequency sweeping techniques—analysis of a case, and for illustrative purposes—the
use of an artificial intelligence platforms for flame detection. Discussion of results and
conclusions are also included. The main aim of this article is to present the results of the
research in the field of flame extinguishing with the use of acoustic waves (to supplement
knowledge in this area). In addition, it is shown that signal processing using artificial
intelligence is applicable in fire protection (currently many research centers around the
world are conducting research on the use of artificial intelligence for flame detection). Such
an intelligent module can cooperate with the acoustic fire extinguisher, which is a new
approach in the field of fire protection and the use of image processing in acoustic technol-
ogy. It is worth emphasizing that the primary objective of this paper is not the processing
of video sequences (video signals), which is a subfield of digital signal processing, but
the analysis of flame suppression capabilities using low-frequency acoustic waves and
frequency sweeping techniques. Therefore, new algorithms for image processing, analysis,
and recognition (discrimination) have been omitted from this article. Information on this
topic can be found in the bibliography of the article [60–65]. A comparative summary is
given in the article [66]. This paper presents the results of the acoustic wave research with
data on actual flame and fire suppression (this is completed with data from actual fire tests).
In this case, as previously indicated, low-frequency acoustic waves of three frequencies
(f = 15 Hz, f = 18 Hz, f = 21 Hz), as well as frequency sweeping techniques in the frequency
range from 16 Hz to 18 Hz, depending on the tuning time, which did not exceed 750 ms,
were applied. It should be noted that in this article, the flame suppression means such a
controlled suppression of the flame that, under given parameters, results in its complete
extinguishment. Therefore, suppressing flames allow to extinguish the fire in each of the
cases analyzed.
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2. Materials and Methods

Symmetry has an important function in signal processing, as it can be exploited to
minimize the complexity of problems that involve a variety of application areas of modern
life. One possibility that has recently emerged is the use of unmodulated waves and
frequency sweeping techniques to extinguish flames. For this purpose, the experimental
method, the comparative method, and the individual case method (extinguishing flames
using acoustic waves with given parameters) were used.

The experimental measuring station, in addition to the prototype of the acoustic
extinguisher, consists of such components as: Rigol DG4102 generator with the possibility
of generating modulated waveforms, Proel HPX2800 power amplifier, SVAN 979 sound
meter, and electric quantity meters (current, voltage, and power). As previously indicated,
the source of the flames was a candle placed in the axis of the waveguide, behind the
output of the device. In this way it was possible to clearly observe the moment when the
flame was extinguished depending on the parameters of the acoustic wave. In practice,
the flame extinguishing was also tested with the use of a professional gas fuel mock-up.
In these experiments with the gas mock-up, it could be observed that if the flames were
not completely extinguished, the fuel was reignited after a while, and the mock-up burst
into flames again. This factor led to the choice of a point fire source for these experiments,
which was a burning candle with a flame height of about 2 cm. Therefore, a candle with
wax fuel was used instead of a diffuse fire source.

The research on the extinguishing capability of acoustic waves was divided into two
groups (the influence of frequency on the minimum power delivered to the loudspeaker at
which the extinguishing effect is observed and the influence of frequency on the minimum
sound pressure causing the extinguishing effect are presented). The power applied to the
loudspeaker was systematically increased until extinguishing of the flames was observed.
Then the measurements were repeated, and the sound pressure level at which the flames
were extinguished was measured. A prototype of the acoustic extinguisher with a visible
output is shown in Figure 1. This is a closed end tube.

Figure 1. Components of acoustic fire extinguisher: (1) signal generator, (2) modulator, (3) amplifier,
(4) output, (5) speaker, (6) flame source.

The principle of operation of the waveguide is to amplify the wave through the
phenomenon of acoustic resonance, resulting from reflections of the wave propagating
inside the waveguide. Detailed information on the design of this acoustic extinguisher
can be found in [26]. All extinguishing tests were conducted for safety in the open space
outside the building.

3. Results

In each subsection, the results of the measurements are presented. The experimental
research was divided into two parts. The first part (Sections 3.1 and 3.2) contains infor-
mation about the acoustic extinguisher, which influenced the selection of its performance
during the actual extinguishing process (in this regard, curves including sound pressure
level characteristics as a function of the power supplied to the extinguisher, and sound
pressure level characteristics as a function of distance from the extinguisher output were
presented). On this basis, one is able to know the properties of an acoustic extinguisher for
the frequency for which it was designed, i.e., 17 Hz. In practice, fire extinguishing is also
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possible with other frequencies, both lower and higher than the frequency for which the
fire extinguisher was designed, but very good effectiveness was recorded for frequencies
close to this frequency. Data on flame extinguishing capabilities are presented in the next
two subsections (Sections 3.3 and 3.4), which contain information on the extinguishing
model fire source (in this regard, data about sound pressure level and power character-
istics as a function of frequency as well as flame extinguishing with frequency sweeping
techniques were included). It is worth emphasizing that in these two subsections, the
results of research presenting the possibility of extinguishing flames with the high-power
acoustic extinguisher were analyzed (this is a scientific novelty, as in the literature, there
are publications presenting only the use of small powers for extinguishing flames). For
this purpose, the power and sound pressure level at which the flames were successfully
extinguished were determined for the given frequencies. The last subsection (Section 3.5)
shows the possibilities of the use of image processing (artificial intelligence) for flame
detection. Such research, carried out in the framework of Polish–Bulgarian cooperation,
represents a new approach in the field of fire protection.

3.1. Sound Pressure Level Characteristics as a Function of Power Supplied to the Extinguisher

In practice, the extinguishing effect depends on the selection of frequency. The use of
low frequencies for flame extinguishing is desirable due to the need to supply less electrical
power to the extinguisher, which in turn translates into a lower sound pressure measured
at the place of the flame. Below are the results of sound pressure measurements in the
waveguide axis, as a function of the power supplied to the extinguisher for the sinusoidal
waveform at a distance of 2 m from the device output (Figure 2). Waves with an operating
frequency of 17.25 Hz were used. It is worth noting that the minimum value of acoustic
impedance (Zmin = 11.4 Ω) was obtained for this frequency. As previously mentioned,
the extinguisher was designed to operate at 17 Hz, and thus the measurements proved
that this design intent was met. This means that the device had the best extinguishing
capability at the indicated frequency, which was confirmed experimentally both by the
identification of extinguishing parameters (including the impedance curve) and during
flame extinguishing tests. The analysis of measurements of the extinguisher impedance
curve, which was determined in the frequency range from 10 Hz to 90 Hz, was applied for
this purpose. In practice, for the frequency of 17.25 Hz, the highest extinguishing range of
the analyzed frequencies was obtained. This was due to the fact that for this frequency, the
vibrations of the speaker’s cone were the smallest, which allowed for the most effective
use of the speaker’s power capabilities during extinguishing. Figure 2 presents the sound
pressure level as a function of power, at a distance of 2 m from the device output, for the
sinusoidal wave of 17.25 Hz.

Figure 2. Sound pressure level measurement (SPL) as a function of the power supplied to the
extinguisher (P) at a distance of 2 m from the device output.
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As it can be expected, a gradual increase in the sound pressure level was observed
with the increase in power. For the power of 50 W, the sound pressure was equal to
105.4 dB, for 80 W—107 dB, for 107 W—108.2 dB, for 132 W—109 dB, for 160 W—109.3 dB,
for 217 W—110 dB, for 260 W—110.9 dB, for 300 W—111.3 dB, for 405 W—112.1 dB, for
520 W—113 dB, for 580 W—113.6 dB, 640 W—114 dB, and for 750 W—114.5 dB. In general,
the aim was to keep the sound pressure level as low as possible at the extinguishing
point, but sufficient enough to extinguish the flames quickly and effectively. Therefore, it
is possible to introduce into the literature of the subject matter the concept of the sound
pressure reserve, which is the excess sound pressure added to the minimum sound pressure
at which the flame extinguishing effect is observed. Such a reserve should be seen as a
correction for unfavorable extinguishing conditions.

3.2. Sound Pressure Level Characteristics as a Function of Distance from the Extinguisher Output

An important issue is also to determine the possibility of extinguishing the flames de-
pending on the distance of the flame front from the plane of the waveguide output. Thus, for
sinusoidal waves with the operating frequency of 17.25 Hz, experimental tests were carried
out to illustrate the dependence of the sound pressure level as a function of distance from the
device output (Figure 3). The measurements were carried out with a step of 0.1 m, but below,
due to the multiplicity of measurement data, they will be presented descriptively with a
step of 0.5 m. For 34.5 W and 0.1 m distance from the device output, the sound pressure
level was equal to 124.2 dB, for 0.5 m—116 dB, for 1 m—109.9 dB, for 1.5 m—106.3 dB, for
2 m—103.7 dB, for 2.5 m—101.9 dB, for 3 m—100.5 dB, for 3.5 m—99.5 dB, for 4 m—98.8 dB,
for 4.5 m—98.2 dB and for 5 m—97.8 dB.

Figure 3. Sound pressure level measurement (SPL) as a function of the distance (L) from the
extinguisher output to the waveguide axis.

On the basis of the results obtained, one can see a noticeable tendency function of the
sound pressure dependence as a function of the distance from the device output (this is a
downward trend). Since an inversely proportional drop in sound pressure level is recorded
as a function of the distance from the device output, more power of the sound source is
required to extinguish the flames at a considerable distance from the output. It should be
understood that it is easier to extinguish the flames located closer to the device output than
at a significant distance from it, because it involves the need to increase the electrical power
supplied to the sound source, which in turn translates into the level of sound pressure
necessary to disperse the flames, break them into pieces, and then extinguish them. The
mechanism is complex and depends also on the flow effect. An additional problem is
the omnidirectional shape of the acoustic beam. While the main acoustic flux occurs in
the waveguide axis, which was confirmed by experimental research on the prototype of
the device [26], the losses resulting from the omnidirectional emission contributed to the
reduction of the distance for which effective flame extinguishing was recorded. Therefore,
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when designing an extinguishing system, it is worth taking into account the multipoint
arrangement of sound sources so that the acoustic flux, as precisely as possible, is directed
to the source of the flames, with a safe sound pressure level. This is also influenced by the
natural physical mechanisms accompanying the propagation of acoustic waves.

3.3. Sound Pressure Level and Power Characteristics as a Function of Frequency

As previously mentioned, the extinguishing capabilities of the device will be shown
in this section. The data presented in this article will refer to both the power to be applied
to the sound source, which was a woofer, and the sound pressure at which the flame
extinguishing effect was observed. In practice, low-frequency acoustic waves interact
with the flames, causing them to deflect, break into parts, and disperse, while not always
observing the effect of complete extinguishing of the flames, which is crucial for firefighting.
For practical reasons, it is necessary to manipulate the flame in such a way that it is
completely extinguished. Therefore, in the following part of the article, the results of
experimental data for high acoustic power (scientific novelty), for several measurement
points (the step was equal to 3 Hz), will be analyzed, illustrating the necessary power to
be applied to the loudspeaker as well as the acoustic pressure at which the extinguishing
effect was observed.

It should be emphasized that in this paper that the extinguishing effect is understood
as the phenomenon of complete extinguishing of the flames using low-frequency acoustic
waves, which was observed with an appropriate choice of parameters. Therefore, the
extinguishing of the flames will mean their complete extinguishment and only these results,
illustrating the minimum power that had to be delivered to the sound source to extinguish
the flames as well as the sound pressure level at which the tests were successful, are
presented. As a part of the research, experiments showing the sound pressure level for a
given distance from the device output, for sinusoidal waves of three frequencies close to
the operating frequency (f = 15 Hz, f = 18 Hz, f = 21 Hz), were conducted. Figure 4a shows
a diagram of the sound pressure as a function of frequency, at a distance of 0.5 m from
the device output. On this basis, it is possible to analyze the influence of the frequency
of the acoustic wave on the minimum sound pressure level at which the flames may be
extinguished. The intensity of the background noise accompanying the measurements
was equal to 64.7 dB. The measurement time of each data sample was equal to 5 s. In
turn, Figure 4b shows a diagram of the influence of the acoustic wave frequency on the
minimum electrical power supplied to the sound source to extinguish the flames.

Figure 4. (a) Sound pressure level measurement (SPL) as a function of the acoustic wave frequency (f) in the waveguide
axis. (b) Electrical power measurements (P) as a function of the acoustic wave frequency (f).

Figure 4a,b is based on the actual measurement data from the same extinguishing test.
Both the power delivered from the amplifier to the loudspeaker and the sound pressure
at which the effect of complete extinguishing of the flames was obtained were measured.
Results presented in Figure 4a suggest that slight differences in sound pressure level can
be observed (the maximum difference for these measurements was equal to 1.7 dB). In
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the range of frequencies analyzed, a gradual increase in sound pressure was noted with
an increase in the electrical power supplied to the loudspeaker. This was due to the fact
that the level of sound pressure was logarithmically dependent on the power that was
delivered to the sound source (see the experimental curve in Figure 2). However, it is
important to note that a linear increase in sound pressure was only observed over a certain
range, as the sound field can also have a nonlinear character [59]. The recorded sound
pressure level, at which the extinguishing effect was obtained, ranged from 122.5 dB to
123.6 dB. To extinguish the flames, it was important to ensure a minimum sound pressure
level at which the flames would be effectively extinguished. It is recommended to take a
correction for the reserve sound pressure at the extinguishing system design stage. On the
basis of the results presented in Figure 4b, it is clear that as the frequency increased, the
power to be supplied to the sound source to extinguish the flame increased, which clearly
confirmed that not only the distance of the flame front from the extinguisher’s output plane
affected the extinguishing process, but also the frequency. For waves with a frequency of
15 Hz, the minimum extinguishing power was equal to 130 W, for 18 Hz—155 W, and for
21 Hz—345 W. Hence, the electrical power, depending on the tested frequency at which
the extinguishing effect was observed, ranged from 130 to 345 W.

The results suggest that it is possible to extinguish the flames for a wide spectrum of
frequencies (lower and higher than the operating frequency), but it should be noted that
the distance between the device output and the flame source is also significant (Figure 3),
which is connected with the need to provide the sound source with the adequate electrical
power necessary to extinguish the flames. In practice, the sound pressure level and
power characteristics have local maxima depending on the frequency of extinguisher
work. Acoustic waves with a lower frequency than the operating frequency (17.25 Hz) are
favorable for extinguishing the flames as they cause more turbulence. On the other hand,
if the waveguide does not match the capabilities of the speaker, their use is associated
with significant vibration of the speaker cone (the amplitude of the vibrations increases
substantially), which is an undesirable effect. This is related to the reduction of the range of
the acoustic extinguisher due to the constructional limitations of the loudspeaker. In turn,
the use of acoustic waves at a higher frequency than the operating frequency results in an
increase in the power required to extinguish the flames.

3.4. Flame Extinguishing with Frequency Sweeping Techniques—Analysis of a Case

The research also analyzed the possibility of extinguishing the flames with the use of the
frequency sweep technique. Sinusoidal acoustic waves were used for this purpose. In the
‘Sweep’ mode, the signal frequency changes from the start value (start frequency) to the end
value (stop frequency) at the set time. For demonstration purposes, the flame front was placed at
a distance of L = 1.5 m from the waveguide output plane. The intensity of the background noise
accompanying the measurements was equal to 64.7 dB. The purpose of these measurements
was to determine the necessary electrical power to be supplied to the sound source to extinguish
the flames depending on the set parameters, i.e., the frequency range and the tuning time,
which did not exceed 750 ms. The set parameters are shown in Table 1.

Table 1. Parameters used to extinguish flames using frequency sweeping technique 1.

Frequency Range (Hz) Tuning Time (ms)

16–18 500
17–18 125
17–18 500
17–18 750

1 As a reminder, the extinguisher was designed for a frequency of 17 Hz, and thus the choice of the frequency
range was not accidental.
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Flames can be extinguished by means of acoustic waves, especially with low frequency,
and expectations connected with the attempts to extinguish the flames with the use of
frequency sweeping techniques were met. As in the previous section, the suppression
efficiency was determined by whether the flames were completely extinguished under the
particular conditions, with the given parameters. If so, the power that had to be delivered
to the loudspeaker to observe the effect of complete extinguishment of the flames was
measured. This allowed us to assume the hypothesis that acoustic waves of sweeping
(changing) frequency may also be effectively applied to extinguish the flames (scientific
novelty). An important factor is the tuning time. For waves with frequencies ranging from
17 to 18 Hz, depending on the tuning time, the minimum power at which the extinguishing
effect was observed was equal to 460 W. Tests with higher power (700–750 W) were also
successful. It was noticed that the adjustment of the tuning time, in the range of 125–750 ms,
influenced the need to change the electrical power at which the extinguishing effect was
recorded. In the case of changing the frequency range to lower (from 16 to 18 Hz), the
extinguishing attempts were also successful (P = 700 W). In some cases (when the tuning
time was equal to 750 ms), it was not possible to extinguish the flames for the given
parameters, because it would be necessary to supply more power to the sound source. As a
consequence, the insufficient level of turbulence of the sound pressure was noticed, which
led to inadequate expansion and breaking of flames, and thus the lack of extinguishing
effect. Because the extinguisher was designed for 17 Hz, the use of lower frequency acoustic
waves was connected with the constructional limitations. The problem was the significant
deflection of the loudspeaker cone, which operates in unfavorable conditions, with no
acoustic load on the waveguide.

3.5. The use of an Artificial Intelligence Platform for Flame Detection

Image processing has many applications, which may be exemplified by vision systems
equipped with artificial intelligence, which can support human work in firefighting opera-
tions. Both visible and infrared band imaging can be applied for this purpose. In practice,
the acoustic fire extinguisher can be equipped with an intelligent sensor so that there is no
need to use traditional smoke and temperature sensors [48–50]. This application of artificial
intelligence is particularly suitable in places where the use of classical sensors is hampered.
Therefore, the most common destination of these sensors is the flame detection in the open
space outside the buildings. The advantage is the high speed of data processing (less than
10 ms), and thus the time delay practically does not exist (a human does not participate in
the data processing chain). A recent innovation is the use of artificial intelligence to detect
flames. Equipping an acoustic fire extinguisher with an intelligent module may allow the
flames to be extinguished automatically if detected without human intervention. From
a practical point of view, there is then almost no time delay between the detection of the
flame and the start of the extinguishing action. This technique can be used primarily to
quickly extinguish firebreaks.

Research into flame detection using artificial intelligence is relevant in this area. Visual
salience has an important role in deepening awareness of the environment being analyzed.
For illustrative purposes, example images used in the development of the acoustic fire
extinguisher equipped with a deep neural network module are provided in Figure 5 [49].

An image that has a single flame is easier to process than an image that will contain
multiple flames. There are many categories of fire detection methods. Some of them use
color rules and some use machine learning. Detailed considerations on this matter are
included in [60–65]. To be able to properly select the color space and fire pixel detection
rules, the use of multiple images is recommended [65]. Since the models in RGB color space
are sensitive to luminance changes, among others, chromatic models in YCbCr and HSV
spaces are applied. Machine learning based on logistic regression may achieve very good
robustness to smoke and color changes [65]. What is new in recent years is the research in
terms of the possibility of using vision systems equipped with artificial intelligence that can
support human work in firefighting operations [60–65]. This is essential, because during a
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fire, help should be brought to where it is most necessary. Artificial vision systems may be
a part of wheeled mobile robots or special purpose robots as shown in [61]. The concept
of human-like visual attention-based artificial vision (HVAAV) achieves visual attention
similar to humans by using machine learning [61]. Hybridization allows parameters
to be adjusted to the manner in which humans perceive reality. The Wifibot-M from
NEXTER Robotics, among others, can be used for this purpose. In this case, the control
may be implemented using a joystick or a virtual simulation [61]. In turn, papers [48–50]
describe examples of a hardware fire detection module in terms of the possibility of
the use of deep neural networks for flame detection in the acoustic extinguisher. As
previously indicated, the main aim of this paper was to analyze the possibility of flame
suppression using low frequency acoustic waves and frequency sweeping techniques.
For this reason, the paper omitted new algorithms for image processing, analysis, and
recognition (discrimination). Information on this topic can be found in the bibliography of
the article [60–65]. A comparative summary is provided in [66]. Nevertheless, the essence
of vision processing in combination with the acoustic extinguisher was signaled, which is
the subject of other articles cited in the bibliography of this paper [48–50]. In this context,
for image processing, the Open Source Computer Vision Library (OpenCV) was applied.
Such a module can be integrated into the acoustic fire extinguisher (its detection efficiency
is over 70%). This is essential because the acoustic system does not need to be manually
switched into active mode by a human. A deep neural network detects the flames, and
if there are identified, the acoustic extinguisher may be activated automatically. Ongoing
research is looking at combining the two techniques, making it possible to detect flames
using an intelligent sensor and then extinguish them with eco-friendly acoustic technology
using low-frequency acoustic waves and frequency sweeping techniques.

Figure 5. (a) Example of images used to test deep neural networks. (b) Example of actual camera images used to test deep
neural networks.

4. Discussion

This paper presents the possibility of extinguishing flames with the use of acoustic
waves for the specified parameters. Flame extinguishing is possible at a number of frequen-
cies, both lower and higher than the frequency at which the extinguisher is designed, and
that when lower frequencies are used, it is observed that the amplitude of the vibrations
increases (the waveguide is then not compatible with the loudspeaker), while at higher
frequencies, an increase in the energy of the subacoustic power is noted. This is due
to the fact that, from a physical point of view, a departure from the resonant frequency
results in a detuning from the resonant optimum, which translates into an increase in
the required power to extinguish the flames. The limiting frequency above which the
flame extinguishment was not observed was equal to 22 Hz. Therefore, the last frequency
for which the measured results were presented was equal to 21 Hz. On the other hand,
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reducing the frequency is possible, but then the waveguide will be longer, which is a
significant inconvenience, especially when building portable acoustic extinguishers.

As indicated earlier, the acoustic method seems to be promising for extinguishing
flames, especially in areas where access to traditional extinguishing agents is limited
or when it is difficult to extinguish flames due to the composition of the substance. In
this regard, works in terms of image processing are also significant. This allows artificial
intelligence to support the work of humans and firefighters. This technique is relatively new,
and there is little research in this area. All experimental research carried out confirmed the
effectiveness of extinguishing flames with low-frequency acoustic waves. The advantages
of the technology include, among others, (A) lower cost of exploitation and extinguishing
flames than in the case of traditional methods using consumable extinguishing agents
(powders, foams, gases); (B) noninvasive character of operation (acoustic waves are not a
chemical product) in contrast to the typical extinguishing agents, e.g., halon is particularly
dangerous due to its adverse effects on human health and therefore, in accordance with EU
guidelines, halon extinguishers are effectively withdrawn from production; (C) no need to
undergo cyclic pressure tests, which are mandatory for traditional fire extinguishers (once
in 10 years); (D) unlimited operating time in contrast to typical fire extinguishers (because
the device uses properly generated modulated or unmodulated waves, only battery or
mains supply sources are required); (E) the fact that the extinguisher may be permanently
installed, e.g., in the building or vehicle construction stage (e.g., in server rooms, industrial
buildings, tanks for liquids and flammable gases) in places that are difficult to access; (F)
the acoustic wave extinguishing system can be connected to the acoustic warning system
containing smoke and temperature detectors (so that human presence during extinguishing
does not have to be required at all); and furthermore (G) the acoustic wave system may
be linked to low-cost autonomous intelligent sensors or actuators, and wireless sensor
networks. In this respect, research is being carried out at the Technical University of
Bulgaria, which resulted, among others, in joint scientific publications on the use of the
intelligent module in the acoustic extinguisher. In general, neural networks are applied
for reconnaissance purposes whether a fire has occurred, if so—the acoustic system can be
switched on automatically (remotely) [48–50].

5. Conclusions

Symmetry has an important role in signal processing as it may be applied to minimize
the complexity of a problem that affects various application areas of modern life. In practice,
signal processing has many applications. Advances in computer systems are opening up many
new opportunities that allow for a synergistic relationship between theoretical approaches
and the construction of new systems for different purposes. They can also be found in the
area of fire protection. In the 21st century, noninvasive and environmentally safe ways of
extinguishing flames are sought after in many academic and scientific centers around the
world. As shown in the paper, systems using artificial intelligence and acoustic technology
can work together. The benefit of image analysis and recognition is then that practically there
is no time delay between the flame detection and the start of the extinguishing action (the
processing time is usually less than 10 ms). Image processing performed in both the visible
and infrared bands is then a key issue to flame detection.

In practice, low-frequency acoustic waves are difficult to suppress. This disadvantage
becomes their greatest advantage, because the benefit of using acoustic waves is that they
pass through solids, liquids, and gases as well. They can be used to control both the
extinguishing and burning of substances. Typically, fire extinguishers filled with chemicals
selected according to the type of fire are used to extinguish the flames. With acoustic
technology, the extinguisher is the same—only the frequency and parameters of the wave
are controlled, which is a definite advantage of this technology. A certain disadvantage is
the size of the acoustic extinguisher, but this technology can be permanently installed in
production halls. In this article, flames originating from a candle were extinguished (the
fuel was wax). However, acoustic waves may be applied to extinguish Class B and C fires,
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i.e., when liquids or gases are burning. The results can be used in extinguishing systems,
especially in places where the amount of traditional (chemical) extinguishing agents is
limited (e.g., aircrafts, ships, and train decks, underground mine shafts), as well as for
extinguishing flames that, due to their properties, cannot be extinguished by commonly
known methods. This technique seems to be quite useful for putting out hydrocarbon
pool fire. When using this technique for putting out hydrocarbon pool fires, it would be
necessary to determine whether there is a limit at which (if the fuel is too hot or the pool
fire is too large) the sound wave will not be able to extinguish the flames.

To sum up, this article presents a novel way in fire extinguishing. The paper investi-
gated the capabilities of using acoustic waves to extinguish flames. Furthermore, frequency
sweeping techniques were also applied. The article shows that it is possible to extinguish
flames using acoustic waves even at a distance of 1.5 m. It must be emphasized that this is
an early prototype and works only on small fires. Nevertheless, with good fire detection
and fast response, this solution may be applicable. To make this technology useful in
the future, it is necessary to define the limits of its range of operation with the use of
multipoint systems as well as to carry out tests in closed space and to refer to the safety
of the people’ usage of the technology, with particular emphasis on the sound pressure
levels. It should be emphasized that for this technology to be fully exploited, a great deal
of research is still needed aimed, inter alia, at analyzing the influence of acoustic pressure
on human health (this is particularly important in the case of excessive acoustic pressure
generation), as well as on building structures and room furnishings in terms of material
strength analyses (walls, windows, etc.). Therefore, while acoustic technology has many of
the advantages mentioned in the article and is environmentally friendly (acoustic waves
are not a chemical creation), the uncontrolled use of acoustic waves with very high power
delivered to the sound source may be a destructive force. In the future, there are plans to
continue research into the use of low-frequency acoustic waves to extinguish flames from
other fuels (including gaseous fuels) at high and very high power. Moreover, there is a
need to continue this research to know and further detail the possibility of extinguishing
the flames by means of acoustic waves for selected cases using acoustic systems equipped
with artificial intelligence.

6. Patents

Urządzenie do gaszenia płomieni falami akustycznymi, by Wilk-Jakubowski, J.
(30 November 2018). Patent PL, 233025, no application: P.427999.

Urządzenie do gaszenia płomieni falami akustycznymi, by Wilk-Jakubowski, J.
(30 November 2018). Patent PL, 233026, no application: P.428002.

Urządzenie do gaszenia płomieni falami akustycznymi, by Wilk-Jakubowski, J.
(13 Feburary 2018). Utility model PL, 070441, no application: W.127019.

Urządzenie do gaszenia płomieni falami akustycznymi, by Wilk-Jakubowski, J.
(18 January 2019). Patent PL, 234266, no application: P.428615.
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16. Foley, D.; O’Reilly, R. An Evaluation of Convolutional Neural Network Models for Object Detection in Images on Low-End

Devices. In Proceedings of the 26th AIAI Irish Conference on Artificial Intelligence and Cognitive Science, Dublin, Ireland,
6–7 December 2018.

17. Kurup, R. Vision-Based Fire Flame Detection System Using Optical flow Features and Artificial Neural Network. Int. J. Sci. Res.
2014, 3, 2161–2168.
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