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A New Flame Monitor With Triple Photovoltaic Cells

Lijun Xu, Senior Member, IEEE, and Yong Yan, Senior Member, IEEE

Abstract—In this paper, we present a new flame monitor that
uses three photovoltaic cells covering the ultraviolet (UV), visible,
and infrared (IR) spectral bands. A gain-adjustable amplifier is
incorporated into the monitor so that it is applicable to the coal-,
oil-, or gas-fired flames. Self-checking of the monitor is imple-
mented through cross correlation of the signals from the three
cells, and hence, no additional self-checking hardware is required.
Both the oscillation frequency and the brightness of the flame are
used to monitor flame stability and to detect flame presence as well
as sighting-tube blockage. Unlike conventional single-cell flame
detectors, the new multicell devices can still be in operation before
being repaired, after a cell-failure alarm has gone off. Experiments
were carried out on an industrial-scale combustion test facility in
order to demonstrate the operability and efficacy of the new flame
monitor.

Index Terms—Combustion safety, cross correlation, flame
monitor, flame stability, industrial boiler.

I. INTRODUCTION

AFE operation of an industrial boiler depends on a stable

combustion of fuels. Unstable flames can be both inef-
ficient and pollutant forming, but, in extreme cases, flame
extinction can occur. A flame-monitoring device is installed on
a burner primarily for safety reasons [1]. Most flame monitors
use low-cost but reliable sensors, and some have been applied to
indicate the flame stability. Although thermocouples, heat-flux
meters [2], nonintrusive pressure transducers [3], and acoustic
devices [4] for flame monitoring were studied and applied in
the early years, optical monitors based on radiation detection
have been recognized as the most successful.

The optical flame monitors can be classified into two cat-
egories: brightness and oscillation-frequency monitors. The
brightness monitors can be further classified into infrared (IR),
visible, and ultraviolet (UV) groups, according to their working
spectral bands. As brightness monitors using the visible and
IR regions of the electromagnetic spectrum can be affected by
the radiation from the neighboring burners and hot refractory
or water walls, they are now seldom used. The UV monitors
can overcome this problem, as most flames produce the UV
radiation only in the zone of the initial combustion. The furnace
temperature is so low that the furnace walls and the combustion
products do not normally generate the UV emission. The main
problem with this type of monitor is that the unburned fuel in
the flame skirt, smoke, airborne dust, and dirt, or the deposits
on the flame-sighting-tube lens can attenuate the UV signal
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reaching the cell. Clean conditions are, therefore, essential
for a satisfactory operation of such monitors. The oscillation-
frequency monitors are often of the visible or IR types, as they
use only the oscillatory signals of a flame, ensuring that they
ignore the steady-state radiation from the hot refractory, slag
buildup, etc. Early monitors of this type are only sensitive to
the low-frequency fluctuating signals from 10 to 30 Hz. As
such low-frequency signals are easily picked up anywhere in
a furnace, this type of system is now seldom used. Modern
commercial flame monitors combine both the brightness and
high-frequency oscillatory signals for an improved reliability.

All the above monitors use a single photovoltaic cell only.
A separate self-checking mechanism is therefore necessary
to ensure the cell is working properly. However, the extra-
checking mechanism may also be another source of a monitor
failure. Although the cross-correlation-based system uses two
optical cells [5], it requires two separate optical paths and a
separate self-checking unit for each cell. Monitors of this type
are seldom used in modern boilers.

In this paper, a new flame monitor is presented, which
consists of three photovoltaic cells covering the UV, visible,
and IR spectral bands. The cross correlation between the three
signals from the cells is deployed to achieve self-checking of
the sensor, and hence, no dedicated self-checking hardware is
required. Both the oscillation frequency and the brightness of
the flame are used to monitor the flame stability and to detect
the flame presence and sighting-tube blockage.

II. SYSTEM STRUCTURE

The combustion flames radiate energy in a continuous band,
but of varying intensity from the UV through the visible spec-
trum to the far IR [6]. Oil and pulverized fuel flames may
look more reddish compared to the bluish gas flames. Majority
of the burners in the industrial boilers have flame sighting
tubes preinstalled, aiming at the zone of the initial combustion.
Fig. 1 shows a typical installation arrangement of the sighting
tube. A new flame monitor with the same installation specifi-
cations has been designed. The schematic diagram of the new
monitor is shown in Fig. 2. The three separate photovoltaic
cells covering the UV, visible, and IR regions, collectively, are
used to detect the flame-radiation signals. While the spectral
response of the visible and IR cells covers the visible and
IR bands, respectively, the UV-enhanced cell covers the UV,
visible, and IR three bands.! Table I summarizes the technical

I'When the flame under inspection goes out, no UV radiation can be detected,
and the signal from a pure UV-sensitive cell may be irrelevant to the visible and
IR signals, resulting in a very small correlation coefficient that is unwanted for
the monitor self-checking through cross correlation. Therefore, a UV-enhanced
cell is adopted here.
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Fig. 1. Typical installation arrangement of the sighting tube.
Three cells: IR, visible, UV enhanced
Flame Filtering and Flame
radiation Amplification signals
Cell plane Gain adjust
Fig. 2. Schematic diagram of the triple-cell flame monitor.
TABLE 1
SPECIFICATIONS OF THE THREE PHOTOVOLTAIC CELLS
Photodiode Visible UV enhanced IR
Model type OSDI1-E 0OSD1.2-7U X55-754
Wavelength range (nm) 350-800 190-400 850-1700
Peak wavelength (nm) 550 230 and 340 1550
Rise time (ns) 7 100 0.3
Capacitance (pf) 6-30 40 1.5
Dark current (nA) 0.5-2 0.002 3
Operation temperature (°C) 25 ~+75 -55~+70 -40 ~ +100
Responsivity 1 nA/Lux 0.1 A/W@254nm 0.9 A/W

0.15 A/W@340nm

specifications of the three photovoltaic cells. A quartz lens is
used to collect the flame radiation optically. The diameter and
the focus of the lens are 25 and 30 mm, respectively. The
detection plane of the three photovoltaic cells is 18 mm away
from the lens plane. The weak current induced on each cell is
amplified via an in-house designed amplifier (LF347) with a
high input resistance. A second-order lowpass filter with the
cutoff frequency adjustable within 1-5 kHz was used for each
cell in the amplifier to remove the high-frequency noise. As the
spectral distribution of the flame radiation may vary with the
boiler (type and capacity) and fuel type, a gain-adjustable unit
is incorporated in the monitor to ensure its applicability to a
wide range of the combustion conditions.

III. PRINCIPLES
A. Self Checking

As the three cells aim at the same point of a flame, the three
flame signals obtained are correlated. Therefore, the cross-
correlation technique can be used to diagnose the working
condition of each cell. If one of the three cells develops a
fault, the cross correlation involving the signal from this cell
will give rise to a small correlation coefficient. However, the
cross correlation of the two signals from the two working cells
yields a high level of correlation coefficient, provided the flame
is under the normal conditions.

Let {z(n)jn=0,1,...,N—1} and {y(n)|n=
0,1,...,N — 1} denote the two samples obtained from any
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TABLE 1I
DECISION TABLE FOR SELF-CHECKING

masdy? rasdy? k< hy?  Self-checking decision
No No No No failures
No No Yes -
No Yes No -
No Yes Yes Cell 3 failure
Yes No No -
Yes No Yes Cell 2 failure
Yes Yes No Cell 1 failure
Yes Yes Yes Two or three cells failures

two cells, with IV being the sample length. The normalized
cross-correlation function of the two samples is given by

N ) =) - win + k) - 7))
T(k) ]T;i(i N-1 (1)
> le() -~ 77\ T ) — 5

where T and 7 are the mean values of the two samples. In
this research, r(0) is referred to as the correlation coefficient
between the two samples and ranges between —1 and 1. If
r(0) = 1, then the two signals are perfectly identical. The
greater is the correlation coefficient, the more similar are the
two signals.

If all of the three cells work properly, a combination of any
pair of the three signals should produce a high level of cor-
relation coefficient. Therefore, a lower limit of the correlation
coefficient r,;, is set as a threshold so that an alarm will be
triggered if the correlation coefficient goes below the threshold.
It is also possible to pick out the faulty cell. Let cell 1, cell 2,
and cell 3 represent the IR, visible, and UV extended cells,
respectively, and Sy, S2, and S5 denote the three corresponding
signals. As the three cells are of the different types and work
independently, it is very rare for all or any two of them to
develop a fault simultaneously. If the correlation coefficient
between S and S5 is below the threshold, either cell 1 or cell 2
develops a fault. Furthermore, if the correlation coefficient be-
tween S7 and Ss is also below the threshold, it can be concluded
that cell 1 is faulty; otherwise, cell 2 is defective. If any two
cells develop a fault simultaneously, all of the three correlation
coefficients are below the threshold. Although the brightness
and the oscillation frequency can be used to pick out the
working cell if not all three cells are in faulty conditions, more
attention should be paid to identify the reasons why two or three
cells develop a fault simultaneously. For example, excessively
high environment temperature and power siege could be the two
potential factors.

Let 712, 713, and 753 denote the correlation coefficients be-
tween S, So, and S3, and 1, ri;, and rL; stand for the lower
limits of 712, r13, and ra3, respectively. The possible decisions
for a self-checking are listed in Table II. Once ri2, 713, and
ro3 are obtained from the acquired flame signals, the working
condition of each cell can be deduced according to Table II.
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Fig. 3. Algorithm for flame-stability monitoring.

B. Flame-Stability Monitoring

The oscillation frequency of a flame reflects the geometrical
pulsation of the flame and the oscillatory nature of the heat
radiation and pressure. It is known that the oscillation frequency
of a flame is associated with the combustion efficiency and
the pollutant emissions [7]-[9]. As an essential attribute of a
flame, its oscillation frequency is widely used as an indicator
of the flame stability [10], [11]. The oscillation frequency of
a flame is defined as the weighted average frequency over the
entire frequency range, and the weighting factors are the power
densities of the individual frequency components [12]:

M
> [P(m) - f(m)]
= m=1 (2)

$* P(m)

m=1

where P(m) is the power density of the mth frequency com-
ponent f(m) of the flame signal, and M is the total number of
frequency components.

However, a flame signal acquired from an industrial boiler
often contains a white noise, and the oscillation frequency
calculated from (2) is seriously affected by the noise level
and the sampling rate. An improved algorithm that uses the
wavelet-denoising and adaptive spectrum-truncation techniques
has been developed [13] to remove the influence of the white
noise and the sampling rate. The algorithm has been proved
effective by using the flame signals from an industrial-scale
combustion test facility. The improved algorithm is incorpo-
rated in the new monitor.

If the flame is stable, its oscillation frequency is within a
certain range. When the flame becomes unstable, the lower fre-
quency components become greater and the higher frequency
components become weaker, resulting in a reduced oscillation
frequency. If the oscillation frequency reaches the lower limit
of its normal range, an unstable flame is indicated. If the
oscillation frequency exceeds the upper limit of its normal
range, this often means that the white noise dominates the sig-
nal throughout the signal spectrum and a denoising procedure
should be adopted [13]. If the lower and upper limits of the
oscillation frequency for a stable flame are given by F}y;, and
Flhax, respectively, the flame-stability monitoring algorithm
can be described in a flowchart, as shown in Fig. 3.
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Fig. 4. Algorithm for sighting-tube-blockage detection.

C. Detection of Sighting-Tube Blockage

If the sighting tube (including the monitor lens) is partially
blocked by the dirt or deposits, insufficient light will reach the
cells resulting in a reduced brightness level (represented by the
dc level of each sample). As all the frequency components of
the flame signal are attenuated simultaneously, the oscillation
frequency does not change significantly unless the extent of
the blockage is so great that the white noise dominates each
flame signal. Therefore, if the oscillation frequency is within
the normal range, but the brightness level goes below a preset
threshold, a sighting-tube-blockage alarm should be triggered.
This alarm indicates that the monitor will soon fail unless the
sighting path is cleaned.

Let B and Byjock be the brightness level and the blockage
threshold, respectively. The algorithm implementing sighting-
tube-blockage detection is shown in Fig. 4.

D. Flame-Failure Detection

Both the brightness and flicker signals obtained from the
UV-enhanced cell are used to detect the flame failure. If the
flame under inspection goes out, the light radiation reaching
the optical cell comes from the hot-refractory water walls or
flame skirt of the other burners. In this case, no UV radiation
can reach the monitor, and the detected radiation in the visible
and IR ranges becomes weak too. Therefore, the brightness
signal obtained from the UV-enhanced cell is very low in com-
parison with a flame-on brightness signal. If there is only one
burner in the boiler, the flame signal detected when the flame
goes out is almost a dc signal, and the oscillation frequency
is very close to zero. If there is more than one burner in the
boiler, things will be different. Regardless of whether the signal
detected by the cell is the reflection and radiation from the hot-
refractory or from the hot-furnace water walls or the radiation
from the flame skirt of the other burners, the high-frequency
components are very weak, and hence, the oscillation frequency
is very low. Therefore, if both the brightness and the oscillation
frequency are a lot lower than the lower limits of their normal
ranges (one third of the normal value or less), it can be certain
that the flame goes out.

Let Bi,1 and Fi,; be the brightness and oscillation-
frequency thresholds, respectively, for flame-failure detection.
The algorithm for the flame-failure detection is illustrated
in Fig. 5.
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Fig. 6. Main program.

E. Main Monitoring Algorithm

The main monitoring algorithm is shown in Fig. 6. It should
be noted that all the constants need to be determined based
on the on-site combustion conditions and sufficient tolerance
should be set for each constant.

IV. INITIAL EXPERIMENTAL RESULTS

The new monitor has been evaluated on a 0.5 MWy,
pulverized-coal-fired-combustion test facility. The optical cells
were all set to aim at the root area of the flame, but at the hot-
refractory wall when the flame went out. To shut down the
facility, the fuel was gradually changed to propane after the
air and fuel flows were reduced to their expected levels. At
the early stage of the fuel changeover, special operations were
introduced to obtain an unstable flame. Before the introduction
of an unstable flame, the flame was kept stable. A metal ring
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TABLE III
INDEXES OF SAMPLES OBTAINED UNDER VARIOUS TEST CONDITIONS
Sample index - Flame status UV cell failure
Stable |Unstable| Out
Sighting tube blocked 1-50 - - -
Sighting tube normal | 51-100 | 101-150 | 151-200 201-250
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Fig. 7. Brightness and oscillation frequency of the flame (given by the
UV-enhanced cell). (a) Brightness and (b) oscillation frequency.

was put in front of the lens of the monitor to create a condition
of sighting-tube blockage. In addition, the UV-enhanced cell
was removed to create a complete cell-failure condition.

A total of 50 samples of the flame signal were obtained under
each of the above conditions. The indexes of the signal samples
are listed in Table III. Detailed calculations have shown that the
confidence level was greater than 99% if the sampling rate was
over 800 Hz [13]. The sampling rate and the sample length used
in this study were 1600 Hz and 4096, respectively. Frequency
components higher than 800 Hz were treated as noise. The
brightness and the oscillation frequency of the flame calculated
from the 250 samples obtained from the UV-enhanced cell are
plotted in Fig. 7. The variation of the correlation coefficient
between the IR and the UV-enhanced signals, with the sample
index, is shown in Fig. 8.

The following were observed under the various test
conditions.

1) If the sighting tube is blocked, the brightness is reduced,
but the oscillation frequency of the flame and the correla-
tion coefficient are similar to their normal values, which
are around 9 Hz and 0.9, respectively.
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Fig. 8. Correlation coefficient between the UV-enhanced and IR signals.

2) If the flame is stable, the brightness, oscillation frequency,
and correlation coefficient are high enough: around 3.3 V,
9 Hz, and 0.92, respectively.

3) In case of an unstable flame, the oscillation frequency
has reduced significantly, while the correlation coefficient
remains at a similar level, whereas the brightness may
change depending on the extent of the instability.

4) When the flame goes out, both the brightness and the
oscillation frequency are much smaller than the lower
limits of their normal ranges, although the signal samples
from the two cells are well correlated.

5) If the UV-enhanced cell is completely damaged, its out-
put is almost a zero line, and the oscillation frequency
calculated from each sample is meaningless and, hence,
omitted in Fig. 7. In this case, the correlation coefficient
between each sample from the UV-enhanced cell and the
corresponding sample from the IR cell is very small.

It is clear that the five different conditions, as discussed above,
have been successfully detected using the multicell flame mon-
itor without the aid of any other self-checking mechanism.

From the results presented above, the following can be
concluded.

1) If all the brightness, oscillation frequency, and correlation
coefficient between any two signals are large enough,
then the flame is stable; in the experiments presented
earlier, these values are around 3.3 V, 9 Hz, and 0.92,
respectively.

2) If both the oscillation frequency and the correlation coef-
ficient have no major changes, but the level of the bright-
ness goes down significantly, a sighting-tube blockage
can be asserted.

3) If both the brightness and the oscillation frequency be-
come markedly smaller, the flame is unstable. In this case,
the correlation coefficient remains large.

4) If the correlation coefficient is large enough, but both
the brightness and the oscillation frequency become very
small [smaller than in case 3)], the flame can be consid-
ered out. In this case, the detected signal comes from the
hot refractory. In a utility boiler, the detected signal may
also come from the water walls and the flame skirt of the
other burners.

5) If the correlation coefficient is very small and approach-
ing zero, the cell, with a near zero brightness output,
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can be considered completely dysfunctional. In this case,
Table I is used to pick out the dysfunctional cell.

As the three different cells are used, three separate bright-
ness signals and three oscillation frequencies can be obtained.
Apart from the self-checking and flame-failure detection, both
the flame-stability monitoring and the sighting-tube-blockage
detection may be achieved through the use of the three cell
signals. By averaging the three brightness signals and the three
oscillation frequencies, a more reliable indication of the flame
stability and the working conditions of the sighting tube can be
achieved. It is also worth mentioning that, if a cell develops
a fault, the monitor can still work by using the remaining
two cells until the monitor is repaired. This is an additional
advantage of the new monitor over the conventional ones.

V. CONCLUSION

A new flame monitor consisting of three photovoltaic cells
has been designed and implemented for the online monitoring
of the combustion flames. Results arising from the experiments
carried out on an industrial-scale combustion test facility have
demonstrated that the new type of flame monitor can be used
not only to detect the flame presence and the sighting-tube
blockage but also to monitor the flame stability. The new type of
monitor requires no dedicated self-checking hardware, as self-
checking is implemented through the cross correlation between
the signals from the three cells. The overall reliability of the
multiple-cell monitor is better than the conventional single-cell
detector, as it no longer suffers any abrupt failure of the self-
checking hardware as well as being able to remain in operation
after a cell-failure alarm has gone off. Future work will include
online evaluation of the monitor on full-scale industrial boilers
as well as compact design through the use of the embedded
DSP hardware.
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