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ABSTRACT: The use of blast furnace gas (BFG) as a fuel provides RGB
an alternative for waste stream valorization in the steel industry,

enhancing the sustainability and decarbonization of its processes. GEG < N
Nevertheless, the implementation of this solution on an industrial COMBUSTION
scale requires a continuous control of the combustion due to the low
calorific value of BFG. This work analyzes the combustion behavior
and monitoring of BFG/CH, blends in a laboratory premixed fuel
burner. We evaluate several stable combustion conditions by
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over a wide range of air/fuel equivalence ratios. In addition, relevant R |

image features and chemiluminescence emission spectra have been v ol
extracted from flames, using advanced optical devices. BEG

combustion causes an increase in CO, and CO emissions, since

those fuels are the main fuel components of the mixture. On the other hand, NO, emissions decreased because of the low
temperature of combustion of the BFG and its mixtures. Chemiluminescence shows that, in the case of CH, combustion, peaks
associated with hydrocarbons are present, while during the substitution of CH, by BFG those peaks are attenuated. Image flame
features extracted from both ultraviolet and visible bandwidths show a correlation with the fuel blend and air/fuel equivalence ratio.
In the end, methodologies developed in this work have been proven to be valuable alternatives with a high potential for the
monitoring and control of BFG cofiring for the steel industry.

1. INTRODUCTION 0il® Furthermore, the low calorific value of the BFG also
results in more unstable combustion,”” which may move the
operation toward suboptimal conditions and even produce
flame extinction. Therefore, BFG combustion needs to be

urren energy-intensive industries are directin eir
C tly, t dust direct th

processes toward more sustainable models. Thus, industrial
processes can increase their efficiency and reduce pollutant

emissions. In order to meet these objectives, several strategies monitored and controlled to correct suboptimal conditions.
are being promoted, such as waste heat recovery,' waste stream Traditional sensors can be used to monitor the fuel and airflow
valorization,” and electrical ﬂexibility.3 In the case of the steel of each furnace burner. However, the high number of burners
industry, multiple waste gas streams with calorific value are in industrial furnaces increases the cost of this alternative and
produced. One of these streams is blast furnace gas (BFG), a limits its application. Therefore, the steel industry has searched
byproduct of the chemical reduction of iron ore developed in for novel combustion monitoring systems based on optical
blast furnaces. BFG can be valorized through combustion for techniques, which have been scarcely reported in the open
different processes, such as gas turbines, steelmaking— literature on industrial-level applications.” Implementing such
annealing lines, or reheating of furnaces.””® Among all these monitoring systems on such a large scale requires a complex
applications, the steel industry is highly interested in BFG development with extensive studies at laboratory, semi-

valorization within the same facility where it is produced.
Nevertheless, the combustion of BFG in steelmaking processes
faces several drawbacks. Due to the large concentration of inert
gases in its composition, blast furnace gas does not provide
enough thermal energy to meet the temperature requirements
of steelmaking processes.” Several strategies have been used to
overcome this, such as preheated combustion air and a higher
calorific gas as a support fuel. In Europe, BFG is usually mixed
with natural gas (NG), while in other regions, such as Brazil,
India, and China, BFG is blended with other fuels, such as fuel

industrial, and industrial scales. In this aspect, studies of the
different scales have not been previously considered.
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Figure 1. Scheme of the experimental facility.
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Figure 2. (a) Scheme of the premixed gas fuel burner and (b) example of a flame generated in the test combustion chamber.

Several advanced optical techniques have been used to
monitor and control the combustion process. They involve
analyzing energy radiated by the flames, which depends on
various combustion factors. For diffusion flames, energy
emission is dominated by continuous radiation (black-body
emission) related to soot production.'”'' In contrast, the
emission of premixed flames is mainly characterized by
multiple emissions in discrete wavelengths, related to the
transition of intermediate combustion radicals from excited to
ground states, known as chemiluminescence,'® which is
affected by the reactant composition and equivalence ratio.">"*

In order to study the chemiluminescence phenomenon,
optical instruments, such as spectrometers and cameras, have
been extensively employed to capture spectra and flame
images, respectively. In most cases, a huge amount of collected
information needs to be processed to extract specific features
to characterize flames for different fuel blends,'® air or fuel
flows,">'* air swirls,"> and temperatures.w

First, spectrometers capture chemiluminescence emissions
from the ultraviolet (UV) to the infrared (IR) ranges,
associating specific wavelengths with the reaction of chemical

24499

species. Combustion studies are typically focused on detecting
combustion radicals such as OH*, CH*, C,*, and CO,*. On
one hand, OH*, CH¥, and C,* provide narrow-band
emissions at around 310 nm (OH”‘),17_23 430 nm
(CH*),"7* 470 nm (C,*),"”'”*' and 515 nm (also
C,*)."77*1% On the other hand, CO,* is related to broad-
band emissions from approximately 350 to 610 nm."”'®*%*!

Second, research on combustion chemiluminescence can
also be developed with imaging techniques. For that purpose,
cameras for UV, visible (vis), and IR ranges are set up with
narrow-band filters to only measure light emissions related to
the relevant radicals.”>**™*° For example, the measurement of
OH* emissions with imaging techniques enables the character-
ization of premixed flame fronts.””***” In addition, hyper-
spectral cameras can also be used to measure light emissions of
several radicals simultaneously.”®

Finally, cameras without narrow-band filters can also be used
to characterize flame radiation, usually measuring the VIS
range. Most studies use statistical characteristics of the image
pixel values,"*™'**73% which are related to the intensity of
light emissions. Additionally, other methods can also compute
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texture and geometrical characteristics and flame

speeds.’”*" Before the characteristics are extracted from the
image, several preprocessing techniques are used. These
preprocessin% techniques include the averaging of image
sequences,””*** flame segmentation with thresholding,'>"*'°
noise filters,'* color space conversions to grayscale,” and
finally hue, saturation, and intensity (HSI).*"*°

The present research aims to characterize the combustion of
BFG for the partial replacement of CH, in a premixed
laboratory-scale burner. For that purpose, three optical devices
are simultaneously employed to provide a more complete and
robust insight into the combustion process. Flame emissions
are measured by a spectrometer, a UV—vis camera with a
narrow-band filter, and a vis camera. Spectra and image
features are analyzed for different fuel blends, air/fuel
equivalence ratios, and flue gas compositions. Furthermore,
this research constitutes the first step toward the development
of a novel combustion monitoring system based on optical
techniques to enable BFG cofiring with NG in steelmaking
furnaces.

2. MATERIALS AND METHODS

The present section describes the methodology used in the
research. The final aim of the work is the the diagnosis of
combustion on the basis of flame optical parameters, and it is
mainly intended for industrial furnaces. The experimental
procedures have been defined similarly to those of an industrial
environment, where the level of tunability and configuration of
the commercial burners is limited. This way, by defining a
similar procedure for laboratory and industrial scales, the
methodology developed in the laboratory can be implemented
in industry with lower barriers.

2.1. Experimental Setup. Tests were carried out in a
customized combustion chamber equipped with a 20 kWth
premixed gas fuel burner, designed to enable extensive visual
characterization and flue gas measurements. Figure 1 shows the
overall scheme of the facility. The fuel and air enter the
premixed gas fuel burner through two separate inlets (25 and
10 mm diameters, respectively) (Figure 2a). The fuel/air
mixture leaves the burner via a 100 mm diameter header and a
pattern of holes of 5 mm, as shown in Figure 2a. Although
different headers can be used for each fuel in order to optimize
the working conditions in this research, the same header has
been used. This way, standard procedures are simulated on an
industrial scale. The flame generated is enclosed in a sealed
combustion chamber with a width and depth of 65 cm and a
height of 90 cm (see Figure 2b). The chamber is equipped
with both quartz and glass inspection windows in order to
enable energy transmission in the UV and VIS ranges,
respectively. A pilot flame is used to start the combustion,
which increases the facility’s safety by burning the remaining
fuel from previous operations.

The burner is fed with bottles of gaseous fuels whose
mixtures are blended by a gas supplier. The gaseous fuels feed
the burner via two independent gas lines designed to admit
gaseous fuels of highly different heating values. For CH,, one
line with a batch of one bottle is used. For the BFG and
mixtures, a line connected to a batch of eight bottles is
employed, which allows carrying out the tests continuously,
despite the high consumption of fuel. The amount of gas fed to
the burner is measured by a volumetric flow meter. The facility
also has a safety system to stop the fuel supply when leakages
are detected.

The combustion air is supplied by a compressor, whose
pressure (and thus flow rate) is controlled by an SMC
ITV2000 electropneumatic regulator. Before burner connec-
tion, the airflow rate is measured by an IFM SD6000 flow
switch, with a repeatability of +1.5% and an accuracy of +(3%
reading + 0.3% full scale). The electropneumatic regulator and
flow switch communicate with a computer through a data
acquisition system, which also collects the flue gas temperature
measured by a thermocouple. Since flue gas temperatures were
measured at the exhaust duct of the test rig, they are only
qualitative measurements. Thus, these flue gas temperatures
are not representative of the combustion and product behavior.

Furthermore, exhaust gas emissions were measured with an
MRU Vario Plus Industrial gas analyzer. Concentrations of O,,
CO, CO, NO,, and CH, in the combustion gases were
measured with the a analyzer, whose measurement principles,
ranges of measurement, and accuracies are summarized in
Table 1.

Table 1. Specifications of the Gas Analyzer

measurement
gas principle range accuracy
0O, electrochemical 0-21.0 %v +0.2 %v abs
CH, nondispersive 0—10000 ppm +60 ppm or 5%
infrared (NDIR) reading
CO NDIR 0—10000 ppm +40 ppm or 5%
reading
CO, NDIR 0—30 %v +0.5% or 3% reading
NO electrochemical 0—1000 ppm (up to =S ppm or 5% reading
5000 ppm) <1000 ppm
10% reading
>1000 ppm
NO, electrochemical 0—200 ppm (up to £S5 ppm or 5% reading
1000 ppm) <200 ppm
10% reading
>200 ppm

Three optical devices were employed to characterize the
combustion: a spectrometer (Ocean Optics Flame-S Mini-
ature), an electron multiplying charge-coupled device
(EMCCD) camera for the UV-—visible (UV—vis) range
(Raptor Photonics Falcon Blue), and a red/green/blue
(RGB) camera (The Imaging Source DFK 33GX174). The
spectrometer and UV—vis and RGB cameras included a Sony
ILXS11B sensor with 2048 pixels of resolution, a Texas
Instruments TC285SPD sensor (1.0 megapixels), and a Sony
IMX174LQ]J sensor (2.3 megapixels), respectively. The UV—
vis camera was set with a narrow-band optical filter (310 + 10
nm, ASAHI). In the case of the RGB camera, the sensitivity of
its color channels is maximized for the approximate ranges of
580—800 nm (red channel), 475—600 nm (green channel) and
400—500 nm (blue channel).

Experimental tests were carried out for three different fuel
gases, defined according to the industrial interest in the
substitution of NG by BFG, to increase the efliciency of the
processes. Higher percentages of BFG help to reduce NG
consumption and, consequently, fossil fuel emissions. How-
ever, blends with a high percentage of BFG, which has a low
heating value, limit the maximum temperature inside the
combustion chamber and result in some operational problems
associated with the high gas flow needed to satisfy the furnaces’
demand.* Consequently, the amount of BEG in the mixture is
limited and some NG is needed to reach the temperatures
needed for the steel production processes.6 For example, in a
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study by Zheng et al,’ the adiabatic flame temperature is
increased between 10% and 20% by increasing the CH,, share
in the BFG blend from 0 to 15 %v.

In the present research, a 70 %v BFG gaseous mixture
(BFG70) was chosen, since it contains the minimum amount
of CH, required to reach the steel processing temperatures
(1100—1300 °C) in industrial reheating furnaces.” On the
other hand, pure BFG (BFG100) and G20 CH, (BFGO) have
been defined as baseline fuels for the tests.

The compositions of the fuel blends and their lower heating
values (LHV) are collected in Table 2. BEGO, BFG70, and
BFG100 were fed at manometric pressures of 10, 86, and 82
mbar, respectively.

Table 2. Fuel Blend Composition

fuel blend
BFGO BEFG70 BFG100

[CH,] (%v) 100 28

[H,] (%v) 3 4
[CO] (%v) 16 22
[CO,] (%v) 16 22
[N,] (%v) 37 52
LHV (MJ/kg) 50.0 10.8 2.8

2.2. Methods. In order to analyze the combustion behavior
of the premixed flames when the fuel blend and air/fuel ratio
were varied, we carried out an extensive experimental
campaign where several operation points were obtained at
different airflow rates. Combustion regimes for each operation
point were characterized by calculating their air/fuel
equivalence ratio (ER), computed as the fraction between
the actual and stoichiometric air/fuel ratios. Consequently, an
ER higher (or lower) than 1 implies fuel-lean and air-rich (or
fuel-rich and air-lean) combustion. The limits of the airflow
rates were defined according to the flame stability of each fuel
blend. On one side, a reduced airflow caused the flashback of
the flame inside the burner mixture chamber, because of the
low mixture velocities. On the other side, the highest air flows
produced instability and extinction of the flame when the
combustion approached its lean operation limits. Since the
configuration of the burner was kept for the different blends,
similarly to the industrial case, the velocities of the air/fuel
mixtures are different. Thus, the ERs are limited by the burner
geometry and the amount of BFG of the blend. In this way, the
burner is forced to operate near its extinction and flashback
working points, acquiring samples of inefficient operation
conditions, whose analysis is relevant for their detection at a
larger scale. With the current burner, the studied ERs vary
from 1.4 to 2.0, from 1.1 to 1.9, and from 0.9 to 1.2 for BFGO,
BFG70, and BFG100 fuel mixtures, respectively (see Table 3).

The burner power was fixed at 5.5 kWth for each test,
independently of the fuel blend and airflow rate. Before each
test set, the burner was started up for 1 h to reach a steady
temperature. These temperatures were controlled on the
surface of the combustion chamber with a thermocouple. Once

Table 3. Main Characteristics of the Test Campaign

test set BFGO BFG70 BFG100
ER 1.4-2.0 1.1-1.9 0.9-12
no. of tests 7 8 S

the warming up was finished, the same procedure was followed
for each combustion test. First, the fuel and air flows were
adjusted. Second, chamber gases near the flame were measured
and compared with the flue gases reported. Steady conditions
were reached when the chamber gases and the flue gas
measurements presented similar values. At this point, the
spectra and images were acquired for 6 min.

According to previous works, the experiment duration can
significantly vary between S5 and 180 s.'”'® Thus, a
conservative approach was followed to select the test period,
defining it to be higher than previous references, with a value
of 6 min (360 s). This way, a higher number of measurements
were acquired, reducing the effect of abnormal and spurious
data.

The fuel flow rate, air flow rate, and exhaust gas analyzer
measurements were averaged per test. Furthermore, exhaust
gas concentrations detected by the gas analyzer were corrected
to 3 %v O,. The CH, concentration in flue gases was measured
in order to detect operation points in which unburned fuel
fractions could arise from incomplete combustion.

The spectrometer and the UV—vis camera were both set in
front of the quartz glass of the combustion chamber, allowing
the acquisition of the flame radiation in the UV bandwidth. On
the other hand, the RGB camera was installed in front of the
ceramic glass to measure only the visible range. This way, the
three optical devices collected spectra and images simulta-
neously under ambient conditions of dark lighting.

The integration time of the spectrometer and the exposure
times of the cameras were selected by preliminary tests
according to optimum criteria. At first, longer times are
desirable to increase the signal provided by the optical devices.
Nevertheless, higher exposure times may saturate sensor pixels
and provide inadequate measurements. Thus, the optimum
criteria were the maximizations of the integration and exposure
times up to their saturation limits. Since the saturation limits of
each optical device are originally unknown for an analysis of
the flames, preliminary trials were performed to define them by
burning BFGO and BFG100. Furthermore, to compare
measures of the same optical device between different tests
and fuel blends, fixed integration and exposure times were used
for all the tests. In that aspect, the integration and exposure
times were defined by the tests that provide higher flame
radiation, related to lower airflow rates. Consequently, the tests
with lower airflow rates for BFGO and BFG100 were carried
out. Therefore, the integration and exposure times were set to
1000, 540, and 30 ms for the spectrometer and UV—vis and
RGB cameras, respectively. Their values appear in Table 4,

Table 4. Acquisition Parameters of the Optical Devices

optical device

spectrometer ~ UV—vis camera ~ RGB camera
exposure time (ms) 1000 540 30
sampling rate (Hz) 1 14 12
samples per test 360 504 4320

together with sampling rates, the number of samples (spectra
or images) per test, and the optical device. Finally, the
configuration of the spectrometer was completed by selecting a
slit width of 200 ym.

As in previous works, combustion diagnosis was performed
on the basis of flame characteristics obtained by processing
spectra and images of the flame. For each optical device,

https://doi.org/10.1021/acsomega.2c02103
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different processing operations were defined. Previously, the
signals and images were submitted to an operation based on
the subtraction of the dark signals from the captured spectra
and images to remove sensor electrical noise.””***

In the case of the spectrometer, measured spectra were
averaged for each test to easily characterize them through a
visual representation. Nevertheless, a high amount of
information is lost with this operation, since the number of
spectra per test is reduced from 360 to 1. Thus, each measured
spectrum was also computed individually to provide a more
detailed analysis. For that purpose, a wavelength segmentation
was applied, with a range of 20 nm centered at each radical
wavelength being selected. Within this study, OH*, CH*, and
C,* were studied by considering their wavelengths of 310, 430,
and 515 nm,'" ™" respectively, and an additional wavelength of
470 nm for C,*.'”'"*' CO,* was also characterized using a
wavelength of 410 nm,"® which was contained within the CO,*
broad-band emission and was unrelated to those of other
radical species. After the wavelength segmentation, 278
wavelength intensities were obtained. Finally, wavelength
intensities were downsampled from 278 to 56 to reduce
redundant information. The whole series of 278 wavelength
intensities were split into groups of 5 wavelength intensities.
Therefore, S5 groups of S wavelength intensities were
obtained, together with a group of 3 wavelength intensities.
For each one of these groups, only the first wavelength
intensity was used. In this way, the wavelength resolution of
the intensities was reduced from approximately 0.4 to 2 nm.

For the UV—vis and RGB images, the processing method-
ology was similar. On one hand, Otsu’s thresholding
segmentation was applied to detect flame pixels in each
image channel. Otsu’s method selects the threshold that
maximizes the variance between the two-pixel classes, the
variance being computed from the image histogram.ls’m’39
After Otsu’s thresholding segmentation, the features of statistic
mean?~'%**7*> and Haralick’s texture information measure of
the correlation I (IMC1)"****' were computed from flame
pixels. The mean is the averaged intensity value of the flame
pixels, which is related to the combustion characteristics of
flame brightness. On the other hand, texture features such as
IMC1 are more complex to interpret in comparison to the
other image features. Thus, their theoretical relationships with
combustion characteristics may be unknown beforehand.
Nevertheless, IMC1 has been used together with other color
and texture features to characterize primary air flow and
secondary air to territory air split." Furthermore, other
Haralick features have been used to characterize O, and
NO, content in flue gases.”” In this way, dependences between
the combustion characteristics and IMC1 (or other related
texture features) have been empirically reported. When Otsu’s
thresholding segmentation is applied, a small number of flame
pixels could be separated from the main contour of the flame
and distort the values of the geometrical features. In order to
discard these pixels, the morphological transformation of
erosion was applied using a kernel of 3 X 3 pixels.*”

Next to morphological erosion, the features of the
geometrical area and centroid vertical coordinate were
extracted from the binary images.'”*"*>* The area is the
number of flame pixels related to the flame area. The centroid
vertical coordinate is the vertical coordinate of the flame mass
center. This feature is related to the distance between the
burner and the flame and the flame length.

After the image features were computed, a total of 4
characteristics were obtained per image channel, resulting in 4
and 12 characteristics for the UV—vis and RGB cameras. Table
S gathers the 4 channel characteristics and their mathematical

Table 5. Image Features Per Channel Considered

feature
no. type feature equation ref
P
1 16,
1 statistic mean (u) EZ x(p) 29,
p=1 30
inf "
" measure of HXY = HXYL 45
_— )
2 texture correlation I max(HX, HY) 41
(fiy IMC1)
R C
3 geometrical  area (a) Z Z b(c, r) 153’1
r=1 c=1 N
R
4 geometrical centroid vertical ch Z;l be,r) 35,

coordinate (c,) a 43

expressions, referenced to a grayscale image of P pixels, with
x(p) denoting the grayscale value of the pixel p. For the texture
IMC1, the element located in row i and column j of a
normalized gray-level co-occurrence matrix (GLCM) is
referred to as p(ij). The GLCM has N rows and N columns,
where N is the number of distinct gray values in the grayscale
image. Additional variables are used to compute the texture
features, which appear in Table 6. In the case of the

Table 6. Additional Variables and Their Equations to
Compute the Texture Image Features of IMC1

variable equation ref
N
p.(0) > Gy j) 40, 41
j=1
N
HX =Y p,() logp (i)
i=1
N
HY —Z p,(0) log p, (i)
N
HXY - p(i, j) log p(i, j)
i=1
N N
HXYI =2 2 (i, j) loglp, ()p, ()]

i=1

geometrical features, the binary image also has P pixels (with
R rows and C columns), and the binary value (0 or 1) of a pixel
p located in column ¢ and row r is denoted b(c,r).

In order to compute the processing operations for the
spectra and images of the tests, a specific code was developed
using the programming language of Python (version 3.7).
Furthermore, the developed code also used the libraries of
OpenCV, NumPy, SciPy, Mahotas, and Pandas. An additional
code was written to automatically read the spectra and images
acquired during the experimental campaign, which filtered

them according to the characteristics of the tests.
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Figure 3. Concentration in the flue gases of (a) CH,, (b) CO,, (c) CO, and (d) NO,, for the fuel blends BFG0, BFG70, and BFG100.
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Figure 4. Average spectra for the fuel blends (a) BFGO, (b) BFG70, and (c) BFG100, with different ERs.

3. RESULTS AND DISCUSSION

3.1. Analysis of Pollutant Emissions. The first analysis
of the test data is focused on the pollutant emissions of CH,,
CO,, CO, and NO,, whose trends are shown in Figure 3.

Complete combustion is achieved for most BFGO and
BFG70 operation points, since no CH, is measured in flue
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gases (Figure 3a). However, a non-negligible CH, concen-
tration is detected at higher ERs (over 1.7) for these fuel
blends, most probably caused by unburned CH,, a constituent
of BFGO and BFG70. Additionally, CH, emissions are higher
for BEG70 than for pure CH,. In these cases, the test burner

presents some combustion instability due to the higher velocity
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Figure S. Intensities of (a) OH*, (b) CO,*, and (c) CH* and of C,* at (d) 470 nm and (e) 515 nm versus ER, for the fuel blends BEGO, BFG70,

and BFG100.

of the air/fuel mixture, which prevents the proper burning of
the fuel.

Figure 3b shows CO, emissions for the different operation
points. These emissions have different sources depending on
the fuel blend. In the case of BFGO, CO, emissions correspond
to the completely oxidated CH,. For BFG100, CO, emissions
have two sources: the combustion of CO and the original CO,
included in the fuel blend. Finally, the mixture BEG70 presents
CO, emissions originating from the three previous sources
(combustion of CH, and CO and CO, from fuel).

In this way, the effect of each source is modified with
different BFG shares in the fuel blend. With an increase in
BFG share in the fuel blend, higher CO, emissions are
generated from CO combustion and the CO, composition of
the fuel. At the same time, lower CO, emissions originate from
CH, combustion. According to BFG measurements, total CO,
emissions are higher when the share rises from 0 to 70 %v.
Consequently, CO combustion and CO, composition of the
fuel exceed the effect of CH, combustion in CO, emissions. As
expected, a constant trend is observed when CO, emissions of
the same fuel blend are compared for different ERs, due to the
operation with a fixed thermal power for all of the tests.

The CO concentration in the exhaust gases is included in
Figure 3c. In general, CO emissions are increased when the
BFG share of the fuel blend is raised. This effect is due to a
higher CO content in the fuel blend, higher air/fuel velocities,
and lower calorific value (higher inert content). For each fuel
blend, lower CO emissions are obtained at points closer to the
stoichiometric point. The conditions of fuel excess (ER < 1)
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led to an increase in CO emissions because part of the fuel is
not burned due to the absence of O,. In the same way, high ER
conditions generate combustion instability because of the air
dilution. Part of the CH, of BFGO is unburned and part of the
CO of BFG100 and BFG70 is unburned, causing an increase in
CO emissions.

Trends of NO, emissions are included in Figure 3d. NO,
emissions are highly dependent on the flame temperature and
the availability of N, to be oxidized."* Higher shares of CH, in
the fuel blend increase the adiabatic flame temperature over
1800 K, for which the Zeldovich mechanism dominates NO,
emissions, where the flame temperature and residence time are
important factors.

On the other hand, a fuel blend of BFG without CH, (such
as BFGO) does not reach 1800 K, and NO, emissions are
recéluced. This behavior is also reported in the work of Zheng et
al.

In addition to previous effects, NO, emissions are decreased
in the combustion of BFGO for higher ERs, since the air acts as
a diluent. The effect of the dilution is significant in the case of
pure CH,, which implies a significant reduction in NO, at high
equivalence ratios.” However, the mixtures BFG70 and
BFG100 have high concentrations of diluents such as CO,
and N,, which receive part of the energy of the combustion.
This effect causes lower combustion temperatures, and
therefore, the concentration of NO, in the flue gases is
significantly lower and the effect of the increase of air is not
significant.”
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3.2. Analysis of Chemiluminescence Spectroscopy.
An analysis with chemiluminescence spectroscopy was
performed to compare intensities and wavelengths of the
energy radiated by the premixed flame radicals. The
spectrometer captured the radiant energies emitted by the
flame, which were averaged for each test. Figure 4 presents the
averaged spectra of BFGO, BFG70, and BFG100 for different
ERs.

The BFGO spectra, measured as a reference, show their
signature shape, with the intensity peaks of OH*, CH*, and
C,* at 310, 430, and 470—515 nm, respectively. Nevertheless,
other patterns of high intensities appear in the mean spectrum.
The peak at around 589 nm is the typical emission band of
Na*, which in previous works has been linked to the
combustion of impurities from traces.'”***’ Also, several
peaks above 700 nm (visible and infrared range) could be
related to the emission of the burner surface,’” HNO*
(between 650 and 900 nm),***® and vibrational—rotational
transitions of diatomic molecules with hydrogen, as CH (from
813 to 847 nm), OH (from 834 to 845 nm), or H,O (from
892 to 967 nm).** Additionally, the peaks measured between
700 and 800 nm are similar to the results of Parameswaran et
al. for hydrocarbon flames with a premixed burner.**

On the other hand, flame spectra obtained with BFG100
have a higher and dominant contribution from the broad-band
CO,* emission due to the CO, content of the BFG. Since the
BEG composition does not include CH,, CH* (430 nm) and
C,* (470 and 515 nm) peaks are not detected. Nonetheless,
the peak of OH* (310 nm) is still detected due to the H,
content in the BFG, but its intensity is lower than that for
BFGO. This trend is also reported in the work of Zheng et al,’
in which the OH concentration is increased when CH, is
added to BFG.

The spectra of BFG70 contains characteristics of the other
two fuel blends. The BFG in the fuel blend provides a broad-
band CO,* emission of intensity lower than that in the case of
BFG100 due to the higher concentration of BFG. CH* and
C,* peaks are detected due to the CH, of BFG70, and the
measured peak of OH* is related to both CH, and H,. These
narrow-band emissions show intensities lower than those in
the case of BEGO due to the lower concentration of CH, in the
fuel blend.

For each fuel type, the intensity throughout the whole
bandwidth depends on the air/fuel ratio (ER). For BFGO and
BFG?70, whose conditions are fuel-lean (air-rich), the emission
intensity increases as the combustion air decreases. For
BFG100, higher intensities are measured at medium air/fuel
ratios. Nevertheless, these trends of the emission intensities
with the air/fuel ratio for the three fuel blends can be described
together using the ER values. For the three fuel blends, the
maximum emission intensity could be measured at an ER
around 1.0 (stoichiometric conditions), as in the case of
BFG100, which has a maximum intensity for the ER of 1.1.
Consequently, the emission intensity is reduced with an
increase in the difference between the actual ER and the ER of
1.1 for BFG100. This relationship is also repeated for BFGO
and BFG70, where the emission intensity increases as the
difference between the actual ER and the ER of 1.1 is reduced.

The intensities of OH*, CO,*, CH*, and C,* are shown in
Figure S for BFGO, BFG70, and BFG100. The general trend
detected in the average spectra is repeated by the radical
emissions, which increase when the ER approaches 1.1. In
particular, these behaviors of the OH* and CO,* intensities

around an ER of 1.0 have also been reported in previous
studies. In the work of Ahmadi et al,” the OH* emission
intensity had a maximum at an ER of 0.8 for NG flames in a
premixed burner of domestic heating boilers. Related to the
work of Ahmadi et al,*’ the Soltanian et al.'” detected a peak
of the intensities of OH* and CO,* at an ER of 0.8 for NG
flames and a premixed gas boiler burner. Additionally, Ding et
al.>” detected a maximum of OH* intensity at an ER of 1.0 for
flames of different fuel blends (pure CH, and mixtures of CH,
with N,, CO,, H,, and C;Hy) in a burner similar to those in
the studies referenced above.

All of the radical intensities of BFGO are slightly higher than
those of BFG70 at similar ERs. The addition of CO, in BFG70
increases the broad-band CO,* emission with respect to the
BFGO case due to the increase in the BFG share. However, the
reduction of the CH, concentration decreases the emission
intensity of OH*, CH*, and C,* (at both 470 and 51S nm).
When the concentration of BFG in the fuel blend is increased
to 100%, the broad-band CO,* emission also increases,
increasing the intensities radiated in its range (between 350
and 600 nm). This behavior matches with the trends shown for
the intensities of CO,*, CH*, and C,*, which are higher for
BFG100 than for BFG70, at similar ERs. The emission
intensity of OH* is not affected by the increase of broad-band
CO,* emission, since 310 nm is not in the range between 350
and 600 nm. In particular, the emission intensity of OH* was
reduced for BFG100 with regard to BFG70 at similar ERs,
showing a trend in contrast with the rest of the radicals due to
the different compositions of the fuel blends. In this study, the
intensity of OH* is related to the reaction of CH, and H,
(included in the composition of the BFG). While BFG70
includes both CH, and H,, BEG100 has a higher concentration
of H, but no CH,. This higher concentration of H, does not
balance the lack of CH,, providing a lower emission at 310 nm
in comparison to that for BEG70.

OH* measurements are also related to CO and CO,
emissions through the reaction CO + OH = CO, + H,
fundamental for CO oxidation.>' With this reaction, if the OH
concentration is decreased, CO emissions are expected to
increase. This behavior is shown by comparing parts a and ¢ of
Figure S, in which OH* radiation and CO emissions are
inversely proportional.

3.3. Analysis of the Flame Images. After the spectral
features were studied, images acquired with the cameras were
analyzed. Figure 6 shows different flames captured for the three
fuels with the UV—vis and RGB cameras under similar
conditions.

Features extracted from the 310 nm images show depend-
ences on the fuel blend and ER, independent of the feature
type (statistical, texture, or geometrical), which can be seen in
Figure 7. Among the 310 nm image features, the statistical
mean has a stronger dependence on the combustion regimes
for BFGO and BFG70.

The mean is reduced with an increase in the BFG (reduction
of CH,) share in the fuel blend. In the tests, there are two
sources for OH*: CH, hydrocarbons and BFG hydrogen.
Since the substitution of CH, with BFG reduces the average
combustion radiation, CH, hydrocarbons may make a greater
contribution than BFG hydrogen. Furthermore, the mean
increases for the same fuel blend when the ER approaches 1.1.
Similar behavior has also been shown in previous works.'”**’

Despite the different natures between the mean (statistical)
and IMC1 (texture), the overall trends highlighted for the
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Figure 6. Sample images captured by the UV—vis camera with the
310 nm filter for (a) BFGO, (b) BFG70 and (c) BFG100 and by the
RGB camera for (d) BFGO, (e) BFG70, and (f) BEG100, with ERs of
1.2 and 1.4 (fuel-lean and air-rich).

mean are shared for the IMC1. Thus, the flame texture is also
related to the BFG share in the fuel blend and the ER.

Finally, the centroid vertical coordinate is increased by
raising the BFG share in the fuel blend. The increase in BFG
share increases the length of the flame front, and thus, higher
centroid vertical coordinates are measured. The increase in the
flame front length may be caused by the higher fuel flows used
when the BEG share is increased. Within the same fuel, similar
behavior is found when the ER is increased. This effect could
be related to the air flow increase, which extends the flame
front. In addition, the geometrical vertical coordinate of the
centroid (c,) has a higher relevance for the classification of the
fuel blends, since most values of the feature are only related to
one specific fuel blend, independently of the ER. For example,
a flame image with an unknown ER could be related to BFGO
(if ¢, is higher than or equal to 835-pixel rows), BFG70 (c,
between 835- and 790-pixel rows) or BEG 100 (if ¢, is equal to
or lower than 790-pixel rows).

A similar study was carried out for the RGB images. For the
310 nm images, the statistical mean and geometrical area show
trends with the fuel blend and ER. In addition, these
dependences can be observed independently of the color
channel, and some features such as the statistical mean share its
behavior for the three channels (Figure 8).

The mean values are higher for the blue channel and lower
for the red channel, while the green channel presents
intermediate values. This trend is due to the radiation
differences in the spectral sensitivity of each color channel.
Nevertheless, the mean shows the same behavior with respect
to fuel blend and ER, independently of the color channel.
BFGO and BFG70 have similar values, and therefore, the flame
intensity does not differ significantly. For BFG100, the mean
(and thus, the flame intensity) is higher due to the significant
contribution of the broad-band CO,* emission. With regard to
the behavior of the mean with the ER, the mean increases
when the ER approaches 1.1, as for the 310 nm images.

The areas are similar for the green and blue channels, but it
differs for the red channel. As with the mean, these variations
between channels are related to the different spectral
sensitivities of the color channels. The area for the red channel
shows almost no dependence on the fuel blend and ER; only
extreme ERs of the BFGO show significant differences. With
those ERs, the length of the red flame is increased, and thus,
the area as well. For the green and blue channels, an increase in
the BFG share increases the flame length, due to a higher fuel
flow. For each fuel, higher ERs result in higher areas since the
fuel flow is constant and the airflow is increased. Notable
exceptions are lower ERs of BFGO, for which the flame length
is slightly increased. Among all image features, the geometrical
area of the blue channel is of greater interest due to its stronger
relationship with the fuel blends and combustion regimes, as
seen in Figure 8f.

3.4. Coupled Analysis of the Optical Devices.
Chemiluminescence spectra, UV filtered images, and color
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images were processed to extract different features. The
relationships of these features with the combustion character-
istics were analyzed in previous sections. Now, features
measured with different optical devices are compared together
to study their correlations.

First, chemiluminescence spectra and UV filtered images
were studied. The OH* spectral intensity (Figure Sa) and
image mean (Figure 7a) share similar trends with regard to the
fuel composition and ER. In the captured trends, the feature
values decrease when the ER is increased for BFGO and
BFG70, and higher values are measured at equal ERs for lower
shares of BFG in the fuel blend. This behavior is expected for
the OH* spectral intensity and image mean, since they are
related to the same combustion characteristic (magnitude of
the flame radiated energy). On the other hand, the image
IMCI1 (Figure 7b) and centroid vertical coordinate (Figure 7c)
characterize the spatial texture and geometry of the flame
radiated energy, instead of its magnitude. In this way, these
features could have different trends with the combustion
characteristics. Nevertheless, the image IMC1 also shows a
similar trend with the fuel composition and ER. In addition,
the image centroid vertical coordinate (Figure 7c) has an
inverse relationship with the fuel composition and ER with
respect to previous optical features.

Color images capture flame radiated energy in broad-band
ranges instead of the narrow-band range used by the UV
filtered images. These broad-band ranges are 580—800 nm

24507

(red channel), 475—600 nm (green) and 400—500 nm (blue).
Spectral intensities (Figure 4) and image means (Figure 8a,c,e)
characterize the magnitude of the flame radiated energy.
Trends of these features with combustion characteristics differ
from previous trends. While the feature values still decrease
with an ER increase, similar values are measured at equal ERs
for BFGO and BFG70.

Moreover, the values for BFG100 are higher than those for
BFGO and BFG70. This behavior is due to the measurement of
the radiation in broad-band instead of narrow-band ranges.
The three color channels capture broad-band CO,* radiation,
emitted between 350 and 610 nm. This radiation is increased
with an increase in the BFG share in the fuel blend, which
increases the CO, fraction. Consequently, feature values for
BFG70 and BFG100 are increased. On the other hand, image
areas show inverse trends with respect to the previous features.
These relationships with combustion characteristics are shared
with the image area of the UV filtered images.

4. CONCLUSIONS

In this work, BFG, CH,, and a mixture with 70% of BFG and
30% of CH, have been tested in a laboratory burner at
different air/fuel equivalence ratios, at a fixed thermal power of
5.5 kW. An analysis of chemiluminescence spectra, filtered UV
images, and color images enables the extraction of relevant
features from the flames. These parameters can be used to
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characterize aspects of the combustion in terms of fuel mixture,
ER, and flue gas composition.

The main conclusions from the results of this work are as
follows.

e Together with the mixture and air/fuel equivalence ratio,
the test burner used during the tests strongly influenced
the pollutant emissions. The use of fuels with significant
differences in their calorific value and the same ducts
and burner header produced different velocities of the
air/fuel mixture and thus affected the quality of the
mixture. This caused in some cases, with high velocities,
the mixture left the combustion chamber without being
burned. As a result, the CO concentration in flue gases
increased at high air equivalence ratios for all of the fuel
blends and the CH, concentration also increased for
BFGO and BFG70. When the combustion conditions
were more favorable, pollutant concentrations exhibited
the expected trends with ER.

e Chemiluminescence spectroscopy revealed that BFG100
shows a signature spectrum with the primary broad-band
emission of CO,* due to the higher CO, concentration
of the fuel, whereas BFGO spectra agree with the classical
spectra reported in the literature. The partial sub-
stitution of CH, with BFG provides a hybrid spectrum
between BFG100 and BFGO. For all of the fuel blends,
spectrumal intensities increased with ERs of closer to
1.1. The dilution caused by the excess air for BFGO and
BFG70 caused a decrease in the spectral intensity, and
the different peaks associated with the combustion
radicals were attenuated.

e The extracted image features show trends with fuel
blends and ERs that coincide with the spectroscopy
results for the same range of wavelengths. All types of
image features considered (statistical, geometrical, and
texture) show relationships with the combustion
conditions, and some of them share a stronger
dependence, such as statistical mean, texture IMCI,
and geometrical vertical coordinate of the centroid.

e The images captured with the RGB camera also showed
trends similar to those of spectroscopy and UV filtered
images. As with the UV filtered images, color image
features of statistical, texture, and geometrical types
show dependences on the BFG concentration and ER.
Furthermore, these relationships are provided by all the
color channels, highlighting the strong dependences of
the statistical mean and geometrical area.

The current study has addressed uncertainties and
challenges related to the innovation of the considered BFG
valorization. The results have shown strong dependences of the
computed spectra and image features related to intensity,
texture, and geometry on the BFG concentration and ER.
Thus, promising alternatives have been provided for the
monitoring and control of BFG cofiring, allowing further
research in applications, with the adaptation and optimization
of artificial intelligence techniques to develop predictive
combustion models.
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