Wavelet analysis of flame blowout of a liquid-fueled swirl burner with quarls
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Lean swirl combustion is the leading burner concept today, used in several steady-operating
applications to ensure a wide operating range and low pollutant emissions. Approaching lean
blowout is highly desired by design to achieve the lowest possible NOx emission. It was shown
earlier that quarls could significantly extend the operating regime of liquid-fueled swirl burners.
In the present study, the accompanying acoustic noise is evaluated by continuous wavelet
transformation to show the effect of various quarl geometries on lean flame blowout. However, the
desired flame shape of swirl burners is V, straight flame, then a transitory regime can be observed
before the developed V-shaped flame by increasing the swirl number. If the axial thrust is excessive,
blowout might occur in earlier stages. Presently, the characteristic bands before blowout were
analyzed and evaluated at various quarl geometries, swirl numbers, and atomizing pressures. The
latter parameter also acts as an axial thrust control to adjust the swirl number.

Primary subject classification: 21.3.2; Secondary subject classification: 12.1.5-6

1 INTRODUCTION

Nowadays, nearly 86% of the utilized energy is based on fossil fuels'. Since none of the renewable
energy sources are currently able to replace fossil fuels entirely to achieve a sustainable economy, both
renewable and fossil fuel combustion technologies should be developed in parallel. Therefore,
fundamental goals should be set to make the results generally applicable in the future combustion systems
regardless of the fuel type and its physical and chemical properties. This latter requirement is usually
fulfilled by steady-operating combustion applications like industrial boilers, furnaces, and gas turbines
where the combustion chamber temperature is above 1000 K**, and chain breaking occurs promptly.
Hence, the atomic fuel composition becomes the governing factor of the process.

The present work focuses on the acoustics of a lean premixed burner which generally ensures a wide
operating range and low pollutant emissions*. The leaner the air-fuel mixture is, the lower the NOx
emission®. Therefore, these burners operate rather close to the flame blowout where the operation is
quasi-steady as various frequencies emerge which may lead to malfunction or serious system damage®.
Consequently, knowing the conditions of safe operation near flame blowout allows us to design more
efficient combustion systems with low pollutant emissions.
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It is known that certain, system-related frequencies characterize combustion which decrease in the
spectral space until blowout®. Hence, it seems a straightforward choice to perform a Fourier analysis on
the time series signal’'* of either pressure!' and/or OH*!? or CH*!3"!5 intensity. Usually, the presented
characteristics in the technical literature are usually the result of operation at few measurement points on
an extended time frame. This approach allows the accurate identification of the characteristic peaks using
a wide time window for the Fourier transform. Nevertheless, the violent processes in a practical
combustion chamber occur in a relatively short time frame, where not only detection and processing of
the irregular phenomena should be performed but the actuation as well'®. In numbers, this is roughly one
second in the case of jet engines'’.

The typical combustion-related frequencies close to blowout are located in the range of 100—
1,500 Hz®'® which allows the use of conventional microphones and pressure sensors for the detection of
combustion irregularities. An early comprehensive paper on the favorable mathematical properties of the
wavelet transform over Fourier transform was published in 1993 by Strang!® for media compression.
Nair and Lieuwen compared various signal processing techniques of the blowout of piloted, swirl, and
bluff body stabilized burners'” from which wavelet analysis turned to be the most attractive solution to
capture flame blowout. Following this motivation, a wavelet analysis of the blowout of bluff body
stabilized flame was performed by Chaudhuri and Cetegen®’. Since shear-originated flow structures
dominate non-swirl flames, the researchers were unable to find characteristic frequencies. In the case of
highly intense shear flows, the skewness of the pressure waveform is an additional tool for noise
analysis?!. Besides bluff bodies, quarls also increase the blowout stability of the flame??. However, the
attached flame to the quarl wall leads to a shorter maintenance interval, it may significantly extend the
operating range, up to 50% in the presently investigated configurations.

The novelty of the present paper is the wavelet analysis of lean flame blowout events in the case of
liquid fuel combustion, using the time series signal of a microphone. Even though the literature is rich in
spectral analysis of lean blowout, these papers utilize mostly natural gas, and in a small portion, other
gaseous alkanes. Consequently, the presence of atomization and evaporation in liquid fuel combustion
already mean a notable contribution. Another point is the evaluation of a large number of setups in terms
of atomizing pressure and flame stabilizing quarls, following the preceding work? in lean flame blowout
analysis. The third novel aspect is the use of continuous wavelet transform as an evaluation tool which
is seldom used in the field of combustion. However, it was already proven that it is a powerful tool for
the evaluation of signals with a wide range of frequencies present.

2 MATERIALS AND METHODS

The present section firstly discusses the continuous wavelet transform in Subsection 2.1,
highlighting its mathematical differences from Fourier transform in the light of the typical composition
of the combustion noise. The combustion-originated noise was polluted with the tonal components of the
combustion air fan. Therefore, signal filtering had to be performed, and this procedure is explained in
Subsection 2.2. Thirdly, the measurement setup is introduced in detail in Subsection 2.3, emphasizing
liquid fuel atomization and its characteristics of the investigated burner, then swirl combustion and the
observed flame shapes before blowout are discussed.
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2.1 Wavelet transformation of combustion noise

Wavelet transformation offers the opportunity to decompose the original signal by using almost
arbitrary-shaped base functions, called wavelets, which have to be absolutely and square integrable®*.
Consequently, there is no need for window functions which is necessary for Fast Fourier transform and
the related Short-time Fourier transform (STFT). In the present paper, Continuous wavelet transform
(CWT) was used with the default Morse wavelet in the MATLAB software environment which was also
used by Pawar et al.?>. In general, a wavelet takes the following shape?®:

Yoa(®) = =9 (=), (1)

where ¥(7) is the time-dependent function of the ¥ mother wavelet. b is the translation parameter which
is responsible for moving the particular wavelet along the signal length. a is the scale parameter that is
responsible for maintaining the norm of unity to keep the energy content of the signal undisturbed. The
CWT algorithm sweeps across the signal by varying b with adapted a value that exactly determines the
maximum number of translation steps in a discrete, finite signal. Since a stretches ¥, the shorter wavelets
provide a better temporal resolution. The resulting wavelet coefficient is calculated by Eq. (2):

Wyx(b,a) = [2, x(©) (D, )

where x(7) is the temporal signal, Wyx(b, a) is the wavelet coefficient with fixed a and b parameters.
Overbar notes the complex conjugate. The result of a CWT is discussed in a translation-scale plane
instead of the time-frequency plane which is reserved for the STFT. The formulation of Eq. (1) leads to
the conclusion that CWT is a multiresolution analysis. This is mathematically connected to the
uncertainty principle of Heisenberg which states that if the measurement of the momentum of a particle
is more precise, the position is less certain. Hence, the area of a window in either a time-frequency or
translation-scale plane is constant. Nevertheless, it is possible to adjust one side while the other will
follow the change to result in the same area. STFT uses a fixed aspect ratio in the time-frequency space
while CWT is characterized by narrow scales at low frequencies that decreases as 2" up to the higher
scales where the temporal projection of the window becomes narrow. Evidently, the result of a CWT
analysis can be reproduced by STFT with multiple window sizes from which only one frequency-time
slice is taken from each run and finally put together. The match will be only qualitative since the basis
functions differ, and the harmonic functions fail to meet the mathematical criteria of a wavelet. A
comparison and evaluation of the two methods in the case of the presently used measurement
configuration is discussed elsewhere?’.

Combustion is usually characterized by a broadband noise spectrum’ while certain frequencies
related to the flow field structure emerge and clearly identifiable’-*®, Since these narrow-band frequencies
are located at a few hundred Hz while the broadband roar is located at few kHz, the multiresolution
property of the CWT fits excellently for combustion noise analysis. For applications featuring principally
tonal components at both high and low frequencies, the more robust and computationally cheaper STFT
is recommended.

2.2 Filtering tonal components with CWT
The present paper focuses only on flame blowouts which are evaluated from 2'* samples. The
sampling frequency was 12 kHz, therefore, it corresponds to the temporal window size of 1.365 s. These
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cuts were chosen to show the last second of combustion, then the noise during the lean flame blowout.
Nevertheless, the measurement system also affects the spectrum which should be filtered to allow the
analysis of the isolated combustion process. In the present case, the frequency-controlled combustion air
fan polluted the spectrum most significantly when the lean blowout occurred at high air flow rates. In
such setups, the following frequency components needed filtering: rotational speed (x1), harmonics of
the rotational speed (x2-x4), a single blade pass of the six-bladed impeller (x6), and its harmonics. Where
these components were found to be dominant, the corresponding CWT coefficients were all zeroed in the
entire length of the analyzed signal section. The filtering procedure is shown in Fig. 1. The white dashed
line is the cone of influence. The edge effect might notably bias the results outside of this regime. If the
investigated phenomenon is dominated by well-defined peaks, a wavelet-based de-noising is also a viable
approach?’.

The removed frequency center bands of the top scalogram in Fig. 1 were 35, 105, and 840 Hz. The
first one meant no harm to the data; its exclusion was straightforward. However, the second and third
bands interacted with the combustion noise since their amplitude notably varied over time. Consequently,
the use of these filters inevitably leads to the loss of otherwise valuable information. Unfortunately, the
combustion air fan-related frequencies could not be efficiently filtered alone since its amplitude varies
temporally due to the stochastic nature of combustion. In order to isolate the spectral characteristics of
the flame, these components were eliminated to get a better representation of the process. All the
frequency filtering will always be noted over the course of the paper.

The above-mentioned frequencies were filtered out, nevertheless, they were the only steady, clear
structures in the signal. Hence, the scalogram is left with high-amplitude CWT coefficients which fall
into a certain frequency regime which can be even 1 kHz wide, and the coefficients show a rather
fluctuating behavior as a temporal function which is the combustion roar’. This behavior is originated
from the complex vortex-heat release-acoustics system as these three phenomena are continuously
interacting with each other in a highly nonlinear way®>°. In the present case, this is the following. The
liquid fuel is atomized by an airblast atomizer which creates a small but rather intense shear layer which
becomes a particle-laden flow structure. The vaporized fuel hence rapidly mixes with the atomizing air,
and when the conditions of ignition are met, reactions involving H and OH take place promptly compared
to the fluid dynamical time scale’!. As the droplets follow an atomizer-characteristic distribution
function®, the start of the ignition varies with the droplet evaporation time. In addition, the local
equivalence ratio also changes depending on the fuel quantity entrapped in various vortex structure sizes
which leads to fluctuations in the heat release. As all these phenomena occur in a shear layer, the system
becomes rather complex and involves few magnitudes of scales. This is the reason why combustion noise
has stochastic spectral characteristics. The rapidly expanding combusting gas mixture in the shear layer
increase the noise of the cold flow by around 20 dB in the present case.

2.3 The measurement system

Figure 2 shows the cross-section of the investigated burner. The fuel flows in a 0.4 mm central pipe
at 3.4 m/s whilst the high-velocity atomizing air discharges from a concentrical annular orifice, which
has 1.4 mm outer and 0.8 mm inner diameter, at 200-380 m/s, depending on the atomizing gauge
pressure, pe. The resulting high relative velocity violently disintegrates the liquid jet into ligaments then
droplets. The combustion air enters the mixing tube of 26.8 mm diameter and 75.5 mm length from the
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atomizer tip through four circular holes and fifteen rectangular 45° vanes which swirl the inlet flow. The
thermal power was 15 kW in all the test cases, utilizing standard diesel oil (EN 590:2014). These

conditions resulted in fully turbulent combustion during all the measurement cases.

In atomization for combustion purposes, the surface-to-volume diameter, SMD, is of primary
importance. Equation (3) was used for its estimation®*:

SMD = 0.66d,We;%>(1 + 1/ALR), 3)

where dyp = 0.4 mm is the liquid jet diameter, We, is the Weber number using the density and velocity of
atomizing air, and ALR is the air-to-liquid mass flow ratio of the atomizer. Results at p, = 0.3, 0.6, and
1.6 bar are in the focus of the present paper, however, p, = 0.8, 1.1, and 2.3 bar showed similar
characteristics. Table 1 summarizes the relevant parameters of the atomization process. The evaporation
of liquid drops inside the mixing tube was calculated elsewhere®**. Note that small droplets are slightly
affected by both convection and radiation due to their low inertia and surface area, respectively>®.

Figure 3 shows the test rig. Only the key operating parameters highlighted here, a more detailed
description along with uncertainties were discussed in earlier works®”-*. A fan delivered the combustion
air, and an electrical heater increased its temperature up to 400 °C prior to the burner. The combustion
took place in the open atmosphere; hence, only the primary air-to-fuel equivalence ratio, A, was
controlled. An SVAN 971 Class 1 noise analyzer was used for recording the combustion noise at 12 kHz
sampling rate. The sensitivity of the microphone is 28.74 mV/Pa and was calibrated with an SV33
calibrator which generates 114 dB at 1 kHz and complies with the IEC 60942:2003 standard. The
microphone was placed 1 m away from the burner axis with positioning its height to the burner lip. It
was turned out earlier by using a microphone array system that the investigated combustion noise at 1 m
distance can be considered as an acoustically compact source.

The principal dimensions of the quarls, which were placed on the burner lip, are shown in Fig. 4.
The half cone angle, ©, was varied between 0° and 60° in 15° steps. Here, 0° means an extension for the
mixing tube, i.e., its length became 75.5+17 mm. During the measurements, the plain burner, referred to
as baseline, was also investigated besides the five quarls.

To characterize swirling flows, including swirling flames, the swirl number, S, is often used, defined
by Eq. (4)*:

§= Gy/(Gx - R), “4)

where G, is the axial flux of the angular momentum, G, is the axial thrust, and R is the radius of the
mixing tube. Depending on S, straight and V-shaped flames were observed, shown in Fig. 5. Note that
the geometric swirl number was calculated here, based on the inlet conditions of the burner.

A straight flame was typically present until S = 0.53, and a fully V-shaped flame was developed by
reaching S = 0.82. The operation between them, i.e., 0.53 <§ <0.82, showed a transitory behavior, where
both flame shapes were observed. Since turbulence is a broadband excitation source which is
continuously present, the flame randomly altered between the mentioned two shapes. However, the
average ratio of the occurring shapes is linearly proportional to the distance of the current operating point
from the mentioned stability limits in terms of S.

The measurement procedure was the following. After installing a quarl and setting the atomizing
pressure, the combustion air flow rate was increased from 10 m>/h until blowout. Since the burner has
fixed swirl vanes, S increased with 4; this relation could not be decoupled in the present case. After the
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lean flame blowout, a higher atomizing pressure was set, the combustion air flow rate was reset to 10
m?3/h, then the measurement was repeated until the next blowout. Finally, the quarl was changed, and the
procedure detailed above was repeated again. The maximum uncertainty of S and 4 were 4.43%, and
2.25%, respectively. This holds only for the primary A, which is included in Tables 2—4, as the effect of
air entrainment was not controlled.

3 RESULTS AND DISCUSSION

In lean swirl combustion, V-shaped flame is usually desired, however, this state has to be reached.
Since the high-velocity atomizing jet significantly reduces S, the flame blowout occurred in all straight,
transitory, and V-shaped flame forms, depending on the setup. Due to the low initial combustion air flow
rate, a straight flame was observed at the beginning of all measurement setups. Firstly, blowout at
pe = 0.3 bar is discussed. The corresponding operating parameters at various quarl geometries are shown
in Table 2. Since p, = 0.3 bar is a design point of the investigated burner, V-shaped flames were observed
prior to the blowout event. The corresponding S and 4 parameters were relatively close to each other,
allowing the evaluation of the effect of various quarls on combustion noise. The corresponding CWTs of
blowout are shown in Fig. 6.

In V-shaped operation, typically, bands at 225 and 500 Hz dominate the acoustic field which are
related to the recirculation zones inside and outside of the V. The number of dominant modes is in
accordance with the recent results of Noiray and Denisov’. However, the spectrum contains notable
frequencies both below and above the mentioned two regimes, especially in the case of the 0°, 45° and
60° quarls. The corresponding CWT coefficients of the two latter configurations are double of that of the
other setups, shown in Fig. 6. INcreased combustion air reduces the overall flame propagation velocity
and the shear between the combustion air flow and the atomizing air jet. Hence, the 15° and 30° cases
are quieter than the others. Regardless of the similar swirl number of the 0° and the 60° quarls, a 100 Hz
frequency component emerges in the former case prior blowout, while the latter one contains notable
peaks at 1 kHz. Therefore, the appearance of low-frequency components is not a general trend which
always precedes the lean flame blowout. Note that in the former case only the 75.5 mm long straight part
of the mixing tube of the burner was supplemented by a 17 mm long tube which does not aftect notably
the scalogram compared to the baseline variant. The near 1 kHz regime also contains notable information
in all cases. However, the firm interaction with the combustion air fan polluted this region in the case of
the 15° quarl. Consequently, filtering was necessary which lead to information loss. Nevertheless, the
removal of the external noise near 35 and 105 Hz by zeroing the CWT coefficients did not harm the
scalograms.

Table 3 summarizes the conditions of the flame blowout at pg = 0.6 bar. According to Table 1, the
resulting mean droplet size reduces by 25% compared to p, = 0.3 bar. The blowout here occurred in the
transitory shape in the baseline burner configuration while V-shaped flame characterized the rest of the
setups. Due to the increased axial thrust by the elevated pg, the swirl numbers all decreased, and the
blowout took place at lower 4 in the baseline case. The filtered frequencies were similar to those of Table
2. However, the 840 Hz component did not need filtering in the case of the 15° quarl, unlike at
pe = 0.3 bar. Therefore, the information loss due to filtering was negligible at this atomizing pressure.

The transitory operation in the case of the baseline burner included notable frequency components
between 3 and 4 kHz since this mode is characterized by both straight and V-shaped flames, shown in
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Fig. 7. Nevertheless, a spectral analysis allows the separation of the various patterns in this flame shape
in the time domain that can be either CWT or STFT. The duration of one shape varied between 0.05-0.3
seconds. Due to the rapid changes in the flow field, the magnitude scale exceeds that of all other cases at
this atomizing pressure. This is likely caused by a subcritical Hopf bifurcation***' which require further
investigations, therefore, it is not discussed in the present paper. The 0° quarl showed characteristic
frequencies below 100 Hz again. At p, = 0.6 bar, one band started to dominate the spectrum in all cases
from the above-mentioned regimes around either 225 or 500 Hz, depending on the setup. Regardless of
this change in the frequency domain, the time evolution of the dominant components is still spectacular.
Again, the 15° quarl was the quietest since its operation lies close to the theoretical lean combustion limit
which is nearly 4 = 2 in case of hydrocarbon fuels*?. Frequency components near 1 kHz were uniformly
faded to the background noise, compared to that in Fig. 6. Repeatedly, the 45° and 60° quarls produced
higher noise than the other configurations except the transitory operation of the baseline burner setup. The
CWT coefficient trends are relatively close in the case of Figs. 6 and 7, therefore, the blowout at
pe = 1.6 bar is evaluated in the following.

The key operating parameters at p, = 1.6 bar were summarized in Table 4, similar to the previous
cases. Blowout at V-shaped operation characterizes only the 15° and 30° quarls due to the significantly
increased thrust of the atomizing free jet. The superiority of these quarls is evident over the other
configurations®. The blowout of the rest of the configurations occurred even in straight flame shape
besides the transitory regime. The average droplet size at this atomizing pressure is 66% lower in diameter
compared to that at p, = 0.3 bar, which means rapid evaporation and mixing with the combustion air.
Therefore, the ignition delay reduces, and the flame moves back to the mixing tube. Since the strong shear
caused by the atomizing free jet superimposes to the above phenomenon, this condition results in a
dramatic increase in combustion noise.

The higher CWT coeftficients spectacularly mark the noisier operation, shown in Fig. 8. Regardless
that straight flame was observed prior blowout, only the 0° quarl shows notable amplitudes in the 3—
4 kHz frequency regime. The baseline burner configuration seems to show a behavior similar to the
pe = 0.6 bar case which is typical for a transitory flame regime. This phenomenon explains the reason of
blowout. The precessing vortex core starts to breakdown, and the recirculation zones corresponding to
the V-shaped operation start to form. However, this structure above the burner lip was blown out in few
seconds by the significant momentum at the center, generated by the atomizing free jet. Similarly, the
transitory shape was observed before the blowout of the flame in the case of the 45° quarl, but no
outstanding-amplitude high-frequency components are present in the spectrum of the last second of
combustion. The formation of recirculation zones was disrupted by the atomizing jet, and when the flame
was about to reach the fully V-shaped operation, the jet has blown the flame out. Nevertheless, the 60°
quarl showed the expected characteristics of the transitory regime based on observation. Compared to
the previous cases, both the 15° and 30° quarls showed similar behavior in the spectrum to the previous
cases, only the amplitude of the signal increased due to the more intensive shear caused by the atomizing
jet.

4 CONCLUSIONS
Lean flame blowout of a 15 kW atmospheric, liquid-fueled lean premixed swirl burner was
investigated in the present paper by using the continuous wavelet transform on the acoustic signal at
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blowout. The following parameters were varied: half cone angle of the installed quarl, atomizing
pressure, and air-to-fuel equivalence ratio. Due to the fixed swirl vanes, the swirl number was not
independent of the equivalence ratio. Based on the results, the following conclusions were derived:

e Combustion noise incorporates characteristic bands instead of characteristic frequencies. Moreover,
their time evolution also significant which can be appropriately analyzed by continuous wavelet
transform.

e Frequency components preceding or predicting flame blowout of swirl combustion cannot be
generalized as blowout can occur in both straight and transitory regimes besides the V-shaped flame.
Therefore, the disappearing high-frequency bands are not necessarily occurring before the blowout.

e The 15° and 30° quarls showed superior stability and the flame was blown out at similar spectra
regardless of the atomizing pressure. The similar geometries of the baseline burner and the 0° quarl
showed similar blowout characteristics in terms of maximum equivalence ratio and typical appearing
bands in the scalogram. However, the 0° quarl featured a strong noise in the 3—4 kHz regime at p, = 0.6
bar. Since the 45° and 60° quarls do not have an attached flame to their wall, their behavior at blowout
requires further investigations with high-frequency imaging techniques.
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Table 1—Principal operating parameters of atomization at various atomizing gauge pressures.

pelbar] SMD[pm] Wes|] ALR|]

0.3 21.6 511,041 0.78
0.6 13.4 889,566 1.1
1.6 7.4 1,692,580 1.73
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Table 2— Blowout conditions at p; = 0.3 bar-

quarl Shape S [-] 2 [-] Filter [Hz]
baseline A% 1.15 1.75 —
0° \Y 1.14 1.73 —
15° \% 1.26 2.16 35, 105, 840
30° \Y 1.23 2.01 31,93
45° \% 1.19 1.85 29
60° \Y 1.14 1.72 105
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Table 3— Blowout conditions at p; = 0.6 bar-

quarl Shape S -] 2] Filter [Hz]
baseline Transitory 0.76 1.50 —
0° \Y 0.90 1.78 —
15° A" 1.01 2.04 33,98
30° \Y 1.03 2.11 34,100
45° A" 0.95 1.88 29
60° \Y 0.84 1.65 105

Noise Control Engr. . vol (issue), Month-Month Year Published by INCE/USA in conjunction with KSNVE



Table 4—Blowout conditions at ps = 1.6 bar.

quarl Shape S -] 2] Filter [Hz]
baseline Straight 0.45 1.54 —
0° Straight 0.47 1.57 -
15° A% 0.69 2.09 -
30° \Y% 0.69 2.09 -
45° Transitory 0.52 1.70 25,102
60° Transitory 0.44 1.50 —
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List of Figure Captions

Fig. I— CWT of a signal piece before (top) and after filtering (bottom).
Fig. 2—Section of the investigated burner.

Fig. 3—The combustion test rig.

Fig. 4—Principal dimensions of the applied quarls.

Fig. 5—Straight (left) and V-shaped flame (vight).

Fig. 6—CWT of the flame blowout at pg = 0.3 bar with various quarls.
Fig. 7—CWT of the flame blowout at ps = 0.6 bar with various quarls.

Fig. 8— CWT of the flame blowout at ps = 1.6 bar with various quarls.

Noise Control Engr. . vol (issue), Month-Month Year Published by INCE/USA in conjunction with KSNVE



unfiltered

4000
l
ﬁ\ AU IR Y AR T Y ‘”“""": 3000
E '{1‘ ]
X, -
= 2000 2
9 &N
: $
o
3 1000
6
0
0 0.5 1
Time (s)
filtered
4000
= 3000
"
= =
oo 5
> 2000 E
2 o
g =
3 1000
£
0

Fig. I—CWT of a signal piece before (top) and after filtering (bottom,).
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Fig. 2—Section of the investigated burner.
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Fig. 3—The combustion test rig.
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Fig. 5—Straight (left) and V-shaped flame (right).
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Fig. 6—CWT of the flame blowout at pg = 0.3 bar with various quarls.
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Fig. 7—CWT of the flame blowout at pg = 0.6 bar with various quarls.
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Fig. —CWT of the flame blowout at ps = 1.6 bar with various quarls.
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