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SELECTED ASPECTS IN THE ANALYSIS OF THE COMBUSTION PROCESS
USING WAVELET TRANSFORM

Zaklin Gradz

Lublin University of Technology, Department of Electronics and Information Technology, Lublin, Poland

Abstract. The complexity of changes occurring in the flame during the combustion process has a direct influence on the quantity and quality
of the combustion products. The presented measurement data pertaining to the changes in flame luminosity were recorded using a specialized monitoring
system. These signals from the combustion of such fuels as pulverized coal and mazout were recorded with high sampling rate. The paper presented the
analysis of changes in flame luminosity for different fuels using continuous and discrete wavelet transform. The main aim of the studies was to determine
the scale values, which enable differentiating between the type of combusted fuel. The results of studies were presented in the form of scalograms.
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WYBRANE ASPEKTY W ANALIZIE PROCESU SPALANIA Z WYKORZYSTANIEM
PRZEKSZTALCEN FALKOWYCH

Streszczenie. Ztozonosé zmian zachodzgcych w plomieniu w trakcie procesu spalania réznych paliw ma bezposredni wplyw na ilos¢ | jakos¢ powstatych
produktow spalania. Przedstawione w pracy dane pomiarowe zmian intensywnosci Swiecenia plomienia zostaly zarejestrowane przy uzyciu
specjalistycznego systemu monitorujgcego. Sygnaly te, dla procesu spalania, zostaly zarejestrowane z wysokq czestotliwoscig prébkowania. W artykule
przedstawiono analizg zmian intensywnosci swiecenia plomienia dla réznych paliw przy zastosowaniu cigglego i dyskretnego przeksztatcenia falkowego.
Podstawowym celem badan byto okreslenie wartosci skali, na podstawie ktorych mozliwe bedzie rozréznienie rodzaju spalanego paliwa. Wyniki badan

zostaly zaprezentowane w postaci skalogramow.

Stowa kluczowe: skalogram, ciagle i dyskretne przeksztalcenie Falkowe, diagnostyka
Introduction

Environmental pollution is a global problem. The use of fossil
fuels in the energy industry, especially coal, leads to the emission
of pollutants into the atmosphere. There are many technologies
and different legal solutions which aim mainly at protecting the
natural environment. The diagnostics and monitoring methods,
used in the process of combustion, are helpful for this purpose
[10, 14]. These issues were broadly discussed in the studies
[5, 8, 11-13].

Signals from the combustion process show how the
parameters of this phenomenon change over time. The wavelet
transform, which enables time-frequency interpretation of signals,
is perfectly suited for the analysis of this type of data. This method
allows to locate significant frequency changes in the analysis of
changes taking place in the flame. The use of the wavelet
transform in the signal analysis has been presented in the papers
[3-4, 17].

The article presents the measurement data of the flame
acquired during the combustion of pulverized coal and co-
combustion of coal with mazout with the use of fiber-optic
sampling. The analysis of signals was conducted with the use of
continuous and discrete wavelet transform [2, 7, 15]. Due to the
fact that the measurement data from the flame are recorded in
discrete time intervals and are of a continuous nature, they can be
used in both types of transforms. When comparing both
transforms, one should note that continuous wavelet transform can
be calculated for every scale value.

The results of these analyses are presented in the form of the
scalograms. They are defined as energy density Pwf of the
function f, which is defined with the use of analytical wavelet
transform. In the continuous wavelet analysis, the signal is defined
with the transform parameters, such as scale (a) and shift (b).
However, in the case of the discrete wavelet transform, which is
the basis of multiresolution analysis (MRA), the signal is divided
into approximations and details [2, 7, 15].

1. Continuous and discrete wavelet transform

The application of wavelet transform in the analysis of signals
enables its interpretation in the time-frequency domain. In this
method, the signal transformation in the time domain includes all

instants in its range. The analyzed signal is presented in the time-
scale relationship for different resolutions, in this case the scale
is equivalent to frequency in Fourier transform [2, 15].

The continuous wavelet transform of the signal f(t)el2
is presented in the following form [2]:

WE (b,a) = [ f (O, (D, @)

where:

Wf(b,a) is the wavelet coefficient,

Wb 1S the basic wavelet,

a — the parameter determining the scale,
b — the parameter determining the shift.

The scale can be changed by: stretching (increasing) and
compression (decreasing). The wavelet coefficient for a narrow
wavelet characterized by a small scale are high-frequency
components, while for a large-scale wavelet (broad wavelet) — low
frequency components [2].

The discrete wavelet transform, which constitutes a basis for
the multiresolution analysis of the signal f(t)eL? assumes the
following form [2]:

TGRS ) 7 @
where: '
dm[n]=(f,wmn) are wavelet coefficients,
f(t) — signal,

wmn — basic wavelet,

n — parameter determining the moment in which the signal is
analyzed,

m- parameter determining the scale and frequency range.

The analysis of signals using the multiresolution analysis
method results in the decomposition of a signal into numerous
approximation ~ components  (low-frequency) and detail
components (high-frequency). In continuous wavelet transform,
the transform coefficients for a wide wavelet at a given scale
correspond to the approximation components of the highest
discrete wavelet transform level [2, 7, 15]. Using the narrow
wavelet, it is possible to separate dynamic features, corresponding
to detail components in discrete wavelet transform. The
applications of continuous and discrete wavelet transforms are
presented in [1, 9, 16].
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2. Results of studies on changes in flame
luminosity

The diagnostic system used for the acquisition of
measurement data from the combustion process is based on optical
technology. This method enables to perform measurements in the
way that does not interfere with the combustion process. Direct
recording of the measurement data from flame in the combustion
chamber is performed using a fiber-optic measurement probe,
which transmits data to the optoelectronic block.

The paper presented the research on changes in flame
luminosity, which was conducted for the pulverized coal and a
mixture of coal and mazout. Measurement data for the fuel — coal
dust with an admixture of mazout was recorded during the firing
up of the station.

Mazout is the heavy fraction of crude oil distillation carried
out at atmospheric pressure [6]. During the combustion process,
mazout is used for kindling or in exceptional situations, e.g. when
the flame goes out unexpectedly.
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Fig. 1. Characterization of changes in flame luminosity for mazout
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Fig. 2. Scalogram showing the result of analysis using a) Daubechies4 wavelet,
b) Haar wavelet, c) Symlet6 wavelet in continuous wavelet transform for pulverized
coal and mazout
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Fig. 3. Characterization of changes in flame luminosity for pure coal
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Fig. 4. Scalogram showing the result of analysis using a) Daubechies4 wavelet,
b) Haar wavelet, c) Symlet6 wavelet in continuous wavelet transform for 100%
pulverized coal

The signals were acquired from 4 different flame zones
at the sampling rate of 1000 samples per second. The total amount
of data recorded for each zone reached over two million samples.
Further studies were performed using the measurements
of flame luminosity changes from the first flame
and 16384 (2714) samples (Fig. 1 and 3).16384 (2°14) samples
(Fig. 1, 3).

At the first stage of research, the signals of changes in flame
luminosity for both fuels were analyzed by means of continuous
wavelet transform using the Haar, Daubechies4 and Symlet6
wavelets. Figures 3-4 show the analyzed signals in the form
of scalograms, in which the scale corresponds to the frequency
ranges.
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While analyzing the scalograms presented above, it can be
stated that there are visible differences in the frequency structure
of signals for particular types of fuel. The high-frequency
components are better visible in the analysis conducted with Haar
wavelet. In the case of the signals recorded during the combustion
of pulverized coal , the following scale range were determined for
which the amplitude increased: 400-900. In the case of the second
fuel variant — mixture of pulverized coal and mazout, the range
were as follows: 350-700. However, the greatest changes in
amplitude became apparent when Symlet6 wavelet was used, due
to a large number of vanishing moments.

The next stage of the analysis of changes in flame luminosity
of pulverized coal and mixture of coal and mazout involved the
application of discrete wavelet transform using Haar, Daubechies4
and Symlet6 wavelets decomposition eighth levels. Figures 5-6
present the scalograms of the analyzed signals.
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Fig. 5. Scalogram showing the result of discrete wavelet transform analysis using

a) Daubechies4 wavelet, b) Haar wavelet, c) Symlet6 wavelet for mixture of coal and
mazout
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Similarly as in the case of continuous wavelet analysis, the
interpretation of scalograms involves the assessment of scale
ranges. On their basis, the greatest changes in amplitude within the
signal presenting the changes in flame luminosity, can be observed
using Haar wavelet. Since the signals from the combustion process
are continuous, it was possible to employ both methods, i.e.
continuous and discrete wavelet transform. While comparing both
methods, the results of continuous analysis can be considered as
easier to interpret, but also larger in terms of data size.

I |||I|I| FI PR
‘ \' } ||| ||‘| } h ”” { }’

2000 4000 6000 8000 10000 14000 16000
EE——

| 'H ," 'I r” | Ml |"||H

m il ‘ Al “ | i | \ Il “ '] | H

2000 4000 6000 8000 10000 12000 14000 16000
|

Scale

Seale of colors from MIN to MAX

a)

Seale of colors from MIN to MAX
b)

III |f|| 'I1 | I” "I.

|IIII‘I ””

|”||H| I{ | |W| |||| l !| ’|”|’I |||||| | ||H| \ H ‘ l}l |||||| “ }‘

2000 4000 6000 8000 10000 12000 14000 16000
[

Scale of colors from MIN to MAX
c)

Fig. 6. Scalogram showing the result of discrete wavelet transform analysis using
a) Daubechies4 wavelet, b) Haar wavelet, c) Symlet6 wavelet for 100% pulverized
coal

3. Conclusions

Regardless of the type of combusted fuel, monitoring and
diagnostics of the combustion process performed in the
combustion chamber requires using specialized measuring
systems. These solutions are intended to initially obtain and
process selected data from the flame in real time and in a non-
invasive way. Monitoring systems should be installed in each
burner of the combustion chamber. Owing to this approach,
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the detailed assessment of the combustion process is possible. The
measurement data, which were obtained from the flame, present
the changes in flame luminosity or flame pulsation and they are
recorded with high sampling rates. The analysis of these signals
can be conducted with the use of multiple methods, including
wavelet transforms.

The paper presented the selected signals of changes in flame
luminosity for the process, in which the pulverized coal and
mixture of coal and mazout were combusted. The measurement
data were analyzed with the use of continuous and discrete
wavelet transform. The results of transforms for both combustion
options were presented with the use of scalograms for the Haar,
Daubechies and Symlet wavelets. Using the scalograms allowed
for observing the differences in the structure of the signal
frequency. The greatest changes in the signal amplitude were
observed after using the Symlet wavelet. For this type of wavelet,
in the case of the signal of changes in flame luminosity for
pulverized coal , the scale range of 400 - 900 was defined. For the
signals recorded during the combustion of mazout, the scale range
from 350 to 700 was specified. The interpretation of the
scalograms in the case of discrete wavelet transform is also based
on the evaluation of the scale ranges, as well as on the analysis of
its features.

To sum up, it should be noted that the research presented in
this paper focused on the designation of the scale values on the
basis of which distinguishing between the types of combusted
fuels was possible.
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