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ARTICLE INFO ABSTRACT

Keywords: This complex study focuses on the effect of CO, level (40-80 vol% of CO2 in CHy) in biogas to radiative flame
Biogas characteristics and the influence of plasma assistance on them at different fuel equivalence ratios. During
Methane experimental studies, the spectrometric characteristics of the flame at different heights (0, 25, 50 mm) were
€02 . . analysed to investigate radiative properties by UV-VIS and MIR spectrometers and the influence of the plasma-
Plasma-assisted combustion . R

Emitters assisted combustion.

Infrared The data obtained by infrared spectrometer indicated that the emission intensities of emitters are weakest at
Radicals the ignition point of the mixture while the highest concentrations of emitters in the mid-IR range (1800-5800

nm) are formed in the upper part of the flame contrary to UV-VIS data. The increase of CO; content by 20 vol%
in the mixtures led to decreased emission intensities up to 10 % for emitters in the range 2300 to 3500 nm and
only 4-10 % for CO; emitter at 4450 nm.

The plasma assisted combustion improves combustion stability of mixtures with CO, dilution and ensures
flammability of the mixture with 80 vol% of CO; in CHy. In general, plasma leads to increased emission in-
tensities of CO2 and H»O emitters at the burner nozzle from 13 to 11 % changing CO; dilution from 40 to 60 vol
%. Approaching to leaner combustion regime, from ¢ = 0.71 to 0.63, the plasma effect is more intense and the
intensity of emitters increases by 18-22 % compared to the case without plasma assistance. Correlations between

UV-VIS and MIR data were determined and predictions of the flame temperature were proposed as well.

1. Introduction

Thermal radiation plays a major role in heat transfer processes
especially from the flames. This mode is important for energy-extensive
industrial applications such as primary aluminium production, steel
manufacturing, glass fabrication and other applications whose demand
high temperatures for processing. For this reason, fossil fuels are used for
decades due to fast energy demand response, high energy density and
relatively clean combustion products considering the influence on the
manufacturing product. But according to the newest EU ambitious on
greenhouse gas (GHG) reduction targets, the energy sector, trans-
portation, residential, and industrial sectors should be decarbonized
replacing fossil fuels to alternative ones [1,2].

One of alternative fuels is biogas, which production via anaerobic
digestion solves a lot of problems: biogenic waste utilization, reduction
of methane emissions from lagoons, and substitute fossil fuel by bio-
methane [3,4]. Among the advantages there lays and disadvantages as
the biogas composition is closely related to the available raw material

* Corresponding author.
E-mail address: Rolandas.Paulauskas@lei.lt (R. Paulauskas).

https://doi.org/10.1016/j.fuel.2024.132014

and methane concentration in biogas could vary from 40 to 70 vol%
with the remaining part of CO2 [5]. High content of CO, affects the
combustion process of biogas worsening the flame stability and flame
creation, decreasing burning velocity [6-8]. As the flame temperature is
affected by CO presence, the combustion efficiency also drops resulting
in higher CO emissions, though thermal NO formation is suppressed
[6,7]. Also the high heat capacity of CO; reduces the reaction thickness
of the flame [9]. According to [10], the mixture with higher CO4 content
than 50 % was not able to combust under normal conditions. Moreover,
the flame luminosity and the flame structure in terms of volume and
length were decreasing with increasing CO» content in the mixture.
Machado et al. [11] determined that CO5 dilution level up to 50 vol% in
methane increases the radiative fraction, but soot suppression is
observed at lower CO; dilution level, of 20 vol%. Mainly, these chal-
lenges are solved by implementing different methods as oxygen-
enrichment [12], hydrogen [13] or ozone addition [14], non-thermal
plasma application [15]. Among them, the plasma-assisted combus-
tion gains high interest to improve the combustion process of alternative
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fuels such as biogas [16], low calorific value gases [17], ammonia [18]
and etc. Ghabi et al. [19] examined the influence of pulse gliding arc
parameters on non-premixed CH4/CO; flame stability. Author deter-
mined that plasma-assisting improves the combustion quality, i.e., sta-

bility and efficiency. At a fixed plasma voltage (3-3.5 kV) and frequency combustion.

(10 kHz) flame lift-off height depends on the CO2 concentration, which

determines the dilution effect, reaction temperature and the flame 2. Experimental setup and methodology
speed. The gliding arc effect was also investigated on blast furnace gas

and the results showed that plasma assistance leads to extended flam-

mability in terms of fuel equivalence ratio from 0.78 to 0.44, but with

increasing flow from 40 to 120 1/min, the effect decreased from 44 to 7
% [20]. Also plasma-assisted combustion showed controversial results
on soot formation in flames, which influences heat transfer by thermal
radiation. According to [21], authors found that plasma-assisted flames
leads to supressed soot, but based on findings by Qi et al. [22] soot
suppression depends on the plasma discharge point in flames and power
as at higher frequencies, enhanced generations of soot were observed.
Considering that during combustion of natural gas, thermal radiation
is emitted in luminous and non-luminous spectral range by formed
products (CO,, H20, CO, soot) in flames [23], natural gas substitution
with biogas could be challenging as the combustion of alternative fuels
results in changes of combustion conditions, which in turn could reduce
heat transfer by thermal radiation due to the reduced concentrations of
emitters and changes in flame emissivity. Though, radiative character-
istics of methane flames are well investigated [24-26] and the newest
studies in the literature mainly focus on thermal radiation characteris-
tics from fires [27,28], from non-premixed hydrocarbon flames [29] and
also focus on intensification of thermal radiation [30,31]. However,
there is a lack of works related to the spectral data of radiation from
alternative fuels, especially assisted by non-thermal plasma, which
could provide a better understanding of radiative heat transfer and gas

radiation.

For these reasons, complex study focuses on the effect of CO; level
(40-80 vol%) in biogas to radiative flame characteristics and the in-

fluence of plasma assistance on them at different fuel equivalence ratios.
During experimental studies, the spectrometric characteristics of the

flame at different heights (0, 25, 50 mm) were analysed to investigate

radiative properties by UV-VIS and MIR spectrometers and the influence

of the plasma-assisted combustion. The scientific novelty of the work

tZSmm
;25 mm

!
i MID-IR
: SPECTROMETER -
8
oo
]
mEm .
~— [ QUARTZ COMBUSTION - UV-VIS
CHAMBER | SPECTROMETER
;
DSLR | iz
CAMERA : e
|
|
|
|

e

PLASMA GENERATOR

Fig. 1. Scheme of the experimental combustion rig.

2.1. Experimental rig for low calorific value gases

consists on the extended knowledge of non-luminous emissions from
biogas flames with varied content of CO5, determined correlations be-
tween luminous (200-1100 nm range) and non-luminous (2000-5000
nm) radiation and predictions on flame temperature of plasma-assisted

The experimental combustion setup consists of the gas supply sys-
tem, mixing chamber, plasma-assisted burner, combustion chamber, UV
and NIR emission spectroscopy systems (see Fig. 1). Gases were supplied
from cylinders and premixed in the mixing chamber with a length of
120 mm and an inner diameter of 35 mm. All flows of gases were
controlled by high accuracy mass-flow controllers Brooks SLA 5800
operated by a controlling unit Brooks 0254. The combustion experi-
ments were performed using the plasma-assisted burner. The burner was
mounted in the combustion chamber with a diameter of 150 mm and a
height of 600 mm made from quartz which ensured 90 % transmittance
for the flame emission spectroscopy (see Fig. 1). The burner was
designed to work under normal conditions and under plasma assistance,
and consists of three main parts: a vane-swirler of 40° angle, a conical-
shaped nozzle which also is an anode mounted on the coaxial rod and a
metal exit tube which works as cathode. The gap between the electrodes
was set to 2 mm. Both electrodes were made from construction metal
$235. Below the conical-shaped nozzle, the vane-swirler made from a 3D
printed ABS plastic and the plastic baffle were placed to distribute the
flow and swirl the flow before ignition. A quartz tube with a diameter of
21 mm and a height of 30 mm was mounted at the top of the burner to
prolong the residence time of the gas flow and increase the flame sta-
bility (Fig. 1). The plasma discharge of 120 kHz was generated using a
plasma generator Redline Technologies G2000. For the characterization
of the flame, two different spectrometer were used.

2.2. Luminous and non-luminous emission spectroscopy systems

During combustion experiments, the flame characterization was
performed using two different spectrometers The luminous emission
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spectra of the flame in the visible light and ultraviolet range was ob-
tained using an Ocean Insight Flame S-XR1-ES spectrometer with range
of 200-1025 nm coupled with 10° collimator. In further sections of the
article, the luminous emission spectroscopy is indicated as the UV-VIS
spectroscopy. The light from the flame was collected through a single-
mode optic fiber (200-1100 nm) with fiber core size of 0.6 mm. The
fiber tip was installed in an optical collimator and directed to the flame.
Measurements were performed at different heights from the burner exit:
0 + 0.05 mm, 25 + 0.05 mm and 50 + 0.05 mm. The spectrometer was
controlled by Ocean Optics software and was set to average 30 scans
with the integration time of 1 s to obtain the spectra for all tests.

The non-luminous emission spectroscopy was performed using a
2000-5000 nm spectrometer (NLIR S2050-400) with 400 kHz sampling
option. In further sections of the article, the non-luminous spectroscopy
performed by this spectrometer is indicated as the Mid-IR spectroscopy.
The spectrometer was connected to a multi-mode optic fiber. The optic
fiber has operating wavelength which covers the available range of the
spectrometer (300-5500 nm) and the fiber was directed to the flame
keeping the same distance as in the case of the flame emission spec-
troscopy above. The spectrometer was controlled using a NLIR NIR
spectroscopy software and the spectra was obtained by averaging 30
scans with the integration time of 80 ms. The measurements were per-
formed by changing a position of the fiber and collimator which corre-
sponded to different heights from the burner (0 £ 0.05 mm, 25 + 0.05
mm and 50 + 0.05 mm) and were equal to these in the case of luminous
emission spectroscopy for comparison purpose of results.

2.3. Procedure of combustion experiments

The experiments were performed using three compositions of syn-
thetic biogases with different CO, dilution levels (40, 60 and 80 vol%).
The composition of mixtures are presented in Table 1. The synthetic
biogases were prepared supplying methane (CH4 purity of 99.5 %) and
carbon dioxide (COy purity of 99.9 %) from cylinders to the mixing
chamber. Compressed dry air was used as an oxidizer. The gas flows
were controlled by mass flow controllers and flow values were set to
maintain constant burner power (~1.32 kW) changing mixture
composition and fuel to air ratio ¢ from 0.83 to 0.63 (see Table 1).

In order to investigate CO2 dilution effect on radiative flame prop-
erties at different combustion conditions and to determine plasma in-
fluence on flame radiative properties, the combustion experiments were
performed without plasma-assistance (identification — 0 kHz) and
organizing the plasma-assisted combustion (120 kHz). The gliding arc
discharge was formed using the plasma generator, which was set at 120
kHz and intermediate circuit voltage at 140 V. The burner configuration
ensured that a vortex of flow spirals through the burner’s inner chamber,
progressing towards the smallest cross-sectional gap and the discharges
are formed at the tightest space between the electrodes (0.9 mm) and is
subsequently stretched along them by the momentum of the gas stream.
The formed discharges move up the cone until the gap becomes too wide
to maintain the discharge and is replaced by new one. This leads that the
entire cross-section of the burner exit channel is enveloped by a lot

Table 1
Combustion parameters.
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plasma rotating plasma discharges, whose are called rotating gliding
arcs and their length was 9.6 mm in the current configuration. In
addition, to acquire current and voltage data at the discharge place, a
high voltage probe Tektronix P6015A and a current measuring probe
connected to a digital oscilloscope Rigol DS4014 were used. For the 120
kHz regime, the voltage reached up to 2015 V in peak with the peak
current of 0.3185 A. The typical period for this regime was 8.35 ps, and
the calculated average power was 170.22 W, which corresponded to ~
13 % of the burner thermal power. More details on the experimental
setup is presented in the previous work [17].

In both cases, flame emission spectroscopy was achieved using
UV-VIS and Mid-IR spectrometers at different CO, dilution levels
changing ¢ values. Also images of flames were obtained by a digital
camera for determination of flame behaviour at different conditions.
The imaging was performed with camera parameters set to the exposure
time of 1/200 s and ISO 800.

2.4. Uncertainty analysis of measuring equipment

An uncertainty analysis of the experimental combustion procedures
was performed. Sources of possible uncertainties were divided in three
groups: the mixture preparation, UV and IR spectra measurement, and
the uncertainty analysis was carried out according to parameters of used
equipment and literature [32-34]. Below is presented Table 2 with re-
sults of possible uncertainty of applied measurement technique, details
and uncertainty estimation in %. The use of the precise equipment
ensured that the uncertainty level was below 2 %.

Table 2
Uncertainty analysis of experimental procedure.
Sources Parameter Purity/ Uncertainty
Accuracy
Mixture preparation CH,4 gas in a cylinder  99.5 % 0.5 %
CO; gas a cylinder 99 % 1%
MFC for CH4  99.82 % 0.18 %
MFC for CO2 99.82 % 0.18 %
MFC for air ~ 99.80 % 0.20 %
Sub-total 1.16 %
Measurement by flame Resolution ~ 1.69 nm 0.16 %
emission spectroscopy SNR  250:1 0.4 %
Sub-total ~ — 0.43 %
Measurement by infrared Resolution 6 cm™! 0.32 %
spectrometer Noise 11 counts 0.25 %
Sub-total 0.41
Total uncertainty of the UV measurement
1.24 %
Total uncertainty of the IR measurement
1.23 %
Uncertainty of temperature prediction via IR
measurement 1.69 %

Gas composition, vol LHV, MJ/ Frequency, Fueltoairratio¢p  CH, flow rate, 1/ CO,, flow rate, 1/ Air flow rate, 1/ Total flow, 1/
% m? kHz i min min min
CH4-60/C0O,-40 21.60 + 0, 120 0.63 2.200 + 0.027 1.470 £+ 0.054 33.52+0.2 37.21 £ 0.21
0.12 0.71 29.33 £ 0.2 33.02 £ 0.21
0.83 25.14 +£ 0.2 28.83 £ 0.21
CH4-40/C0,-60 14.40 + 0, 120 0.63 2.200 + 0.027 3.300 + 0.054 33.52+0.2 39.04 £ 0.21
0.08 0.71 29.33 £ 0.2 34.85 £ 0.21
0.83 25.14 +£ 0.2 30.66 + 0.21
CH4-20/C0,-80 7.20 £ 0.04 0, 120 0.63 2.200 + 0.027 8.800 + 0.079 33.52+0.2 44.54 + 0.22
0.71 29.33 £ 0.2 40.35 + 0.22
0.83 25.14 +£ 0.2 36.16 + 0.22
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3. Results and discussion
3.1. Flame behaviour analysis

Before the beginning of experimental investigations, the adiabatic
flame temperature of selected biogas mixtures was estimated theoreti-
cally including heat loss ratio. Heat loss ratio was estimated based on
biogas ignition temperature [35] and experimental data of flammability
of mixtures with different CO, contents (Fig. 3), and set to 0.46. The
flame temperature was achieved using an open source software tool
Cantera [36] with GRI-Mech 3.0 [37] kinetic mechanism. The calculated
flame temperature including uncertainty of mixture preparation is pre-
sented in Fig. 2.

The calculated adiabatic flame temperature with heat loss demon-
strates relation with both fuel to air ratio ¢ and CO, dilution. For
example, in a case of CH4-60 vol%/C0O-40 vol%, changing fuel to air
ratio ¢ from 1.0 to 0.63, the flame temperature decreases by approxi-
mately 254 °C, though CO; dilution level increase has lower effect on the
flame temperature. Increasing CO; content from 40 to 60 %, the flame
temperature dropped by 93 °C. Similar tendencies were also obtained by
Ghabi et al. [38]. Authors used equal methods to calculate adiabatic
flame temperature of mixtures with CO2 up to 50 vol%, but heat losses
have not been taken into account as in this case.

The study examines the combustion of gas mixtures both in its reg-
ular combustion without plasma assistance (0 kHz) and with the appli-
cation of gliding arc discharge (120 kHz). The tangible visualization of
biogas flames diluted with different concentration of CO, varying fuel to
air ratios ¢ is presented in Fig. 3. All images are aligned and the burner’s
elevation remains consistent. Visual analysis of obtained flame images
shows that a lower part of flame kernel can be described with prominent
light blue colour caused due to formed CH* radicals [20] while intense
soot formation was only detected in the case of biogas with 60 % of CHy4
in CO2 [19]. At ¢ = 0.83, yellowish spike above the swirled flame is
observed and approaching to leaner combustion conditions, the
yellowish flame intensity is decreasing till it is not detected. This occurs
due to dilution by nitrogen as the thermal combustion power is main-
tained constant changing ¢. N5 increase in the mixture leads to decrease
of the flame temperature and the concentration of soot precursors [11].
In the particular case, the adiabatic flame temperature decreases from
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Fig. 2. The adiabatic flame temperature of different biogas mixtures versus ¢.
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967 °C to 780 °C changing fuel to air ratio ¢ from 0.83 to 0.63. A CO4
concentration increase in the combustible mixture also leads to the
supress of the soot formation as yellowish flame was not observed in the
mixtures of CH4-40 vol% and CH4-20 vol% in CO» (Fig. 2). According to
Hoerlle et al. [39], CO, absorbs and emits thermal radiation and has
higher thermal capacity compared to air leading to reduction of the
flame temperature. This is also proved by the calculated flame temper-
ature. An increase of CO5 from 40 to 60 %, reduces the flame temper-
ature from 895 °C to 735 °C, at ¢ = 0.83.

During plasma-assisting combustion, the flame front shifts down-
wards to the source of the plasma discharge zone, and the reaction zone
appears sooner. Besides, the plasma-assisted combustion leads to
yellowish zone occurrence in the flames basically of all mixtures. Also, in
the case of CH4-40 % in CO3, a more greyish flame at leaner combustion
regime (¢ = 0.63) is observed. It could be related to intense oxidation of
carbon-containing radicals caused by plasma discharges while the flame
temperature is considerably low and possibly CH* and soot formation is
suppressed. According to [40], plasma discharges generate active spe-
cies such as O*, OH*, NO*, Ny*, and OH* with ongoing partial methane
and CO; reforming into CO and H, which leads to more intense oxida-
tion of hydrocarbons and soot as well. Moreover, fuel oxidation re-
actions are enchased by thermal heat which is generated during the
plasma discharge [41,42]. This phenomenon is more intense lowering
CH4 content to 20 vol% in COs. Besides, shifting to leaner combustion
regime, the flame was formed deeper in the burner nozzle and greyish of
the flame was intense. Considering the calculated flame temperature for
this mixture without plasma assistance (around 700-750 °C), it is
assumed that greyish flame was formed due to incomplete combustion
with an intense oxidation of fuel in the plasma discharge zone.

3.2. Radiative characteristics of biogas flames

The obtained data by the UV-VIS spectrometer show that flame
spectral emissions depend on a flame length and combustion conditions.
Without plasma assistance (0 kHz), the highest emission intensities of
formed main radicals (OH* at ~ 310 nm, CH* at ~ 431 nm and Cy* at ~
508 nm) are observed at the burner exit (25 mm) regardless increasing
CO; content from 40 to 60 vol% in CH4 (Fig. 4). Though, the spectra of
biogas flame with 40 vol% of CO; shows that the peaks of main radicals
are also obtained at the nozzle (0 mm), but emission intensities are lower
than ones at the burner exit (25 mm). It could be assumed that the
emission intensities at 0 mm point indicates an ignition zone. Increasing
the CO; content in the mixture, the flame is shifted up as the flame
temperature decreases (Fig. 2) and the intensities obtained at the nozzle
(0 mm) are considerably low indicating that the main reaction zone is
relocated higher. Also a flame lift-off indicator could be considered CO5*
which is excited due oxidizing reactions and forms the continuum in a
range of 250-700 nm and the peak plot correlates with intense oxidation
of hydrocarbons (Fig. 4) [43]. However, the emission intensity of CO5*
is less related to the flame temperature comparing to the emission in-
tensity of OH*, which is considered as a heat release marker [44]. For
example, the higher COy content (60 vol%) in the mixture leads to
negligible area increase of the broad peak of CO2* and the broad peak
area corresponds to one obtained from biogas flames with 40 vol% of
CO,. Meanwhile OH* emission intensity drops by ~ 20 %. Moreover, an
interesting group of emission intensity peaks were observed in the
wavelength range from 850 to 1000 nm. In this range, the peaks were
obtained at 50 mm from the burner nozzle, while emission intensities of
OH*, CH* and Cy* were negligible. According to [45], the emission in
this range is caused by vibrationally excited H>O. Additionally, the in-
tensity of these peaks at the burner exit (25 mm) correlates with flame
temperature changes as increased CO, content in the mixture leads to a
drop of intensity by 50 %. But, at the upper part of the flame (50 mm),
intensities are near identical for both mixtures (Fig. 4). The changes in
intensities of these peaks due to CO; dilution were observed by Ghabi
et al. [19], but an explanation was not given.
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Fig. 3. Luminescence photographs of different composition biogas flames without plasma assistance (0 kHz) and with plasma (120 kHz) versus ¢ values.

During plasma-assisted combustion (120 kHz), more intense signals
were obtained at the burner exit (0 mm) where the plasma discharge
occurs. Based on the previous work [46], the plasma discharge results in
a greater production of radical and excited species pool and depends on
passed through gas composition. In this particular case, the highest peak
was formed due excitation of OH* at the plasma discharge point (0 mm)
and the intensity was higher than one at the burner exit (25 mm) for all
mixtures (Fig. 4). Considering the presented results in [47,48], the
increased OH* intensity could be related not only to CH4/CO5 reforming
and more intense oxidation of fuel, but also to result of the electron
impact and thermal effect at the plasma discharge point. Although, the
continuum peak of CO5* intensity occurred at the burner nozzle/plasma
discharge point (0 mm) could be assumed as the indicator for more
intense oxidation of the fuel molecules. Comparing combustion cases
without (0 kHz) and with plasma (120 kHz), the continuum of COy*
emission suggests that the flame is shifted down to the burner nozzle due
to plasma discharge and combustion initiation is enhanced. Besides, the
plasma discharge generated new excited species such as No* (C-B), NO*,
CN* and O* in the flame [46]. Among them, O* plays important role for
combustion enhancement [49] while the rest are responsible for more
intense NOx formation [50]. Increasing the CO5 content from 40 to 60
vol% in the mixture, the emission intensities of OH* and CO5* becomes
weaker at 0 mm while intensities of plasma produced species are near
identical to the previous case (Fig. 4). Though the area of CO,* is wider
at the burner exit (25 mm) compared to the case without plasma
discharge (0 kHz) and indicates that the oxidation of fuel is initiated
closer to the burner nozzle. Moreover, the plasma-assisted combustion

(120 kHz) of biogas with 60 % of CO5 leads to near identical combustion
characteristics as in the case of biogas combustion with 40 % of CO,
without plasma assistance (0 kHz) (see Fig. 3 and Fig. 4). In the case of
80 vol% of CO3 in the mixture, the combustion process was only avail-
able with plasma assistance, but overall emission intensities were
considerably weak possibly due to low flame temperature. Considering
that only OH* peak was clearly observed at the plasma discharge point
(0 mm) and a lower intensity peak at the burner exit (25 mm), the
ignition and combustion of the mixture was formed in the plasma
discharge plot (Fig. 4). For better understanding of plasma influence on
CO;, diluted flames, the peak values of selected radicals (OH*, CH* and
H,0 group) were extracted from the UV-VIS emissions spectra and ar-
ranged per height versus fuel to air ratio ¢ values and mixture compo-
sitions with and without plasma (see Fig. 5). Approaching to leaner
combustion conditions (from ¢ = 0.83 to 0.63), the peak values of OH*,
CH* and H20 group intensities decreased linearly (Fig. 5) and corre-
sponded to the flame temperature (Fig. 2) especially at 25 mm position.
Meanwhile, the increase of CO5 content by 20 vol% in the mixture leads
to the changed distribution of OH* and CH* emission intensity values
per height. According to that, the flame shifts up OH* and CH* values at
0 mm point decrease few times while at 25 mm keep similar comparing
to higher calorific value mixture. In case of plasma-assisted combustion,
such evaluation from OH* and CH* emission intensity values is more
complicated as OH* and CH* emission at 0 mm could be affected by
electron impact and thermal effect due to plasma discharge. Comparing
the observed emission distribution per the height, it is determined that
excited HyO group from flames has higher intensity at the top of the
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Fig. 4. Flame emission spectra of CH4/CO, mixtures at fuel to air ratio ¢ = 0.83.

flame (50 mm) instead at the burner nozzle (0 mm). Considered the
flame structure increasing CO2 content (Fig. 3), it could be assumed that
the emission intensities of excited HyO group is more related to the flame
lift-off and indicate the heat release. Moreover, the intensities of this
group are not affected by electron impact as in the case of OH* and CH*
at 0 mm during plasma assisted combustion and could be considered for
evaluation of combustion enhancement by plasma as the emission in-
tensities of excited HoO group is obtained higher, at 50 mm from the
burner nozzle. Moreover, the obtained data by the Mid-IR spectrometer
shows similar tendency.

The obtained IR spectra of biogas flames with different CO, dilution
with and without plasma assistance are presented in Fig. 6. Extensive
literature review reveals that main thermal radiation emitters are COo
and H,0 and they emits radiation at different wavelengths. In [51-53],
it is suggested that CO, strongly emits at ~ 2000 nm and ~ 4400 nm
wavelengths while water vapour in range of 1800-2000 nm and also
overlaps with CO, at ~ 2700 nm. The newest works [54,55] indicate
that intensity peak at 2500 nm wavelength is also caused by H»0, and
CO emission could be observed from 4900 nm. Analysing obtained IR
spectra (Fig. 6), the most intensive peaks are located in the range from
2300 to 3500 nm and corresponds to water vapour (H20) and with
overlapped carbon dioxide (H20 + CO3). Though, Henrion et al. [56]
have observed that highest intensities are formed at wavelength of ~
4300-4500 nm due to CO, emission and shows the best correlation with

changing mixture composition. However it could be related to the use of
a fused-silica cylinder, which has lowest transmission at ~ 2700
wavelength, for IR spectra observation [56], while there presented
spectra were obtained directly from flames.

Analysing observed data per flame height it is coincident that the
emission intensities of emitters are weakest at the ignition point of the
mixture (0 mm) while the highest concentrations of emitters in the mid-
IR range (1800-5800 nm) are formed in the upper part of the flame (at
50 mm) contrary to UV-VIS data. For example, a peak intensity at ~
2500 nm is about 2 times higher at the flame top (50 mm) compared to
the peak intensity at the ignition point (0 mm). Approaching to richer
combustion regime, from ¢ = 0.63 to 0.83, the intensity increase line-
arly as the flame temperature increase as well. This trend also corre-
sponds to data presented by Lefebvre [57]. As well as it was expected,
the increase of CO content by 20 vol% in the mixtures led to decreased
emission intensities up to 18 % and up to 10 % respectively at 25 mm
and 50 mm especially for emitters in the range 2300 to 3500 nm and
only 4-10 % for CO, emitter at wavelength of ~ 4450 nm (Fig. 6 (0
kHz)).

The mid-IR spectra obtained during plasma-assisted combustion
(120 kHz) reveals that the plasma influence on thermal radiation
emitters is negligible in the area of flame (Fig. 6 120 kHz). Though, the
determined emission peak value distribution of main emitters per height
reveals that plasma discharge leads to increased emission intensities of
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Fig. 5. Distribution of maximum intensities of excited radicals per height without (0 kHz - solid line) and with plasma (120 kHz — dash line).

these emitters at the burner nozzle, which also corresponds to the
plasma discharge point (0 mm) from 13 to 11 % changing CO dilution
from 40 to 60 vol%. Approaching to leaner combustion regime, from ¢
= 0.71 to 0.63, the plasma effect is more intense and the intensity of
emitters increases by 18-22 % compared to the case without plasma
assistance. Moreover, the increase of the H,O, H,O + CO3 and CO-
emission intensities at the flame top (50 mm) are found in the lean-flame
(at ¢ = 0.63) (Fig. 7). However, at richer combustion conditions (¢ =
0.71 and 0.83) the plasma-assisted combustion leads to lower intensities
of Hy0, H20 + CO4 and CO; emitters at the flame top (50 mm) compared
to data without plasma assistance (0 kHz). Considering the obtained
emissions intensities from the flame emission spectroscopy where
plasma assistance leads to increased intensities of main radicals in the
flame, the decrease in emission intensities of thermal radiation emitters
at the measurement point of 50 mm could be caused by the changed
flame position. Taking into account that determined emission intensities
of radiative emitters is closely related to the temperature, the increased
emissions at the plasma discharge point (0 mm) suggests the thermal
effect caused by plasma which in turn shifts down the flame closer to the
burner cone reducing the overall length of flame. Meanwhile at the
leanest combustion regime (¢ = 0.6) of biogas mixture with 60 vol% of
CO,, the plasma assistance plays significantly as intensities of IR

emitters increase per flame and the increase level is the highest at 50 mm
compared to the case without plasma assistance (Fig. 7). Besides, at the
plasma discharge/ignition point (0 mm), the intensities of emitters are
lower by 14 % compared to the identical case of mixture with 40 vol% of
CO,. According to the previous experiments [46], at this point the
plasma discharge results in a higher kinetic effect by mixture reforming,
for example decomposing part of CO, to CO, which in turn improves
combustion characteristics while thermal effect is reduced. This plasma
effect was also determined in the case of mixture with the highest CO,
dilution level (80 vol% in CH,4), which is not combustible under normal
conditions. The obtained intensities show that radiative properties of the
plasma-assisted flame at ¢ = 0.83 and 0.71 become similar and even few
percent’s higher to the flames of higher calorific value mixture (60 vol%
of COy in CHy) at leaner fuel condition (¢ = 0.63) without plasma
assistance. In overall, the obtained data show that more pronouncing
effect of plasma assistance on the combustion enchantment is achieved
at the leanest combustion conditions and at higher CO5 levels resulting
in more intense mixture reforming reactions [50].
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Fig. 6. Infrared radiation spectra from different CH4/CO, flames at fuel to air ratio ¢ = 0.83.

3.3. Correlations between luminous and non-luminous emissions from
CH4/CO>, flames

For better understanding of the plasma effect on the flame charac-
teristics at different heights, the dependency of the emission intensity of
the excited H,0 group with OH*, and the dependency of CO, with H,0O
radical group were estimated (Fig. 8). It was observed that luminous
emission intensities linearly correlate with non-luminous emission in-
tensities changing combustion characteristics, especially at measure-
ment points of 0 mm and 25 mm. Taking into account that OH* is
considered as a heat release marker [43,58], it clearly shows plasma
effect (120 kHz) on OH* emission intensity increase at the ignition point
(0 mm) compared to the case without plasma (0 kHz) and linearly
correlates with HyO emitter intensity changes as well. At the measure-
ment height of 25 mm, the intensity correlation between HyO and OH*
has a positive relation as well, but the plasma effect leads to lower
radiative properties of flames, especially increasing calorific value
/decreasing CO. level in the mixture (Fig. 8). However, this trend re-
verses when the measurement height is 50 mm. As the intensity of OH*
increases, the emission intensity of HyO without plasma assistance (0
kHz) decreases, while it shows no clear relation in plasma assisted
flames (120 kHz). This could be related to very low intensities of OH* at
this point and also to the decreased flame lift-off due to plasma assis-
tance as the HyO emitter intensity also decreases compared to the case

without plasma. Similar correlations were also determined of H,O*
emission intensity versus CO» intensity. Analysing data points obtained
at 0, 25 and 50 mm, it was determined that H,O* emission intensity
linearly correlates with CO, emission intensity changing the combustion
conditions and the positive plasma effect is only observed at poor
combustion conditions (highest CO; level in the mixture) (Fig. 8). Ac-
cording to the obtained HoO* graphs, the flame emission spectroscopy in
the UV-VIS range could be used to foreseen radiative characteristics of
the flames and also could be used to predict the flame temperature
(Fig. 9). The CO5 emission intensities were attributed to the calculated
adiabatic flame temperature at the different CO5 dilution level in the
mixture and fuel to air ratio ¢ and the estimated pattern shows loga-
rithmic correlation between emission intensity at ~ 4450 nm and the
flame temperature. Analysing influence on combustion conditions, it
was observed that increasing the CO» dilution level from 40 to 60 vol%,
the CO4 emission intensity drops from 11095 + 136 to 10467 + 129
counts at ¢ = 0.83. Meanwhile at leaner fuel conditions (¢ = 0.6), the
intensity drop is higher, from 8310 + 102 to 6989 =+ 86 counts but the
changes in the flame temperature are similar in both cases, from 967 to
895 °C and from 780 to 733 °C, respectively. According to the estimated
correlation, the flame temperature of plasma-assisted flames were
evaluated. It was determined that plasma assistance leads to increased
flame temperature by about 30 °C and that explains the flammability of
mixture with high CO; level. Besides the evaluated plasma influence on
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Fig. 7. Distribution of maximum IR intensities of emitters per height without (0 kHz) and with plasma (120 kHz).

the flame temperature corresponds to results presented by Ghabi et al.
[16]. Moreover, the obtained results show that highest flame tempera-
ture increase is obtained at the leanest combustion conditions. It was
also observed by Fei et al. [59], whose investigated the gliding arc
discharge influence on the combustion process. Moreover, this trend as
well corresponds with the data determined by flame emission spec-
troscopy in UV-VIS range (see Fig. 5).

Another pattern was found between HoO* emission intensity and the
flame temperature, but the distribution of intensities are non-uniform
scattered compared to the CO2 emission intensity (Fig. 8). According
to the estimated formula, the trend of plasma influence on the flame
temperature is similar, but indicates lower impact as the flame tem-
perature increase is predicted only about 10-18 °C. Besides, the deter-
mined values for mixtures with 80 vol% of CO- are considerably low and
deceed CO ignition temperature revealing that HyO* emission intensity
changes could be used only as indicator for flame temperature changes.

4. Conclusions

The experimental investigation was performed using a rotating
gliding arc-assisted burner to determine the effect of CO5 level in biogas

on radiative flame characteristics and the influence of plasma assistance
on them at different fuel equivalence ratios. The spectrometric charac-
teristics of the flame (luminous and non-luminous emission) at different
flame heights (0, 25, 50 mm) were determined.

The results reveal that the highest emission intensity of OH*, Co* and
CH* are formed in the flame core (25 mm) and with increasing CO level
in the mixture emission intensity drops linearly. In the case of plasma
assisted combustion, the highest emission intensities of these radicals
are found at the plasma discharge point (0 mm). The plasma-assisted
combustion of biogas with 60 % of CO2 leads to near identical com-
bustion characteristics as in the case of biogas combustion with 40 % of
CO, without plasma assistance. Also the plasma assistance revealed
significant effect on the flammability extension as stable combustion of
mixture with 80 vol% of CO, was acquired. The peaks excited HyO group
in the wavelength range from 850 to 1000 nm were obtained at 50 mm
from the burner nozzle, while emission intensities of OH*, CH* and Cy*
were negligible.

The data obtained by infrared spectrometer indicated that the
emission intensities of emitters are weakest at the ignition point of the
mixture (0 mm) while the highest concentrations of emitters in the mid-
IR range (1800-5800 nm) are formed in the upper part of the flame (at
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50 mm) contrary to UV-VIS data. The increase of CO, content by 20 vol
% in the mixtures led to decreased emission intensities up to 18 % and
up to 10 % respectively at 25 mm and 50 mm especially for emitters in
the range 2300 to 3500 nm and only 4-10 % for CO, emitter at wave-
length of ~ 4450 nm. The plasma assisted combustion leads to increased
emission intensities of these emitters at the burner nozzle, which also
corresponds to the plasma discharge point (0 mm) from 13 to 11 %
changing CO; dilution from 40 to 60 vol%. Approaching to leaner
combustion regime, from ¢ = 0.71 to 0.63, the plasma effect is more
intense and the intensity of emitters increases by 18-22 % compared to
the case without plasma assistance. Moreover, the increase of the H,0,
H20 + CO5 and CO; emission intensities at the flame top (50 mm) are
found in the lean-flame (at ¢ = 0.63). However, at richer combustion
conditions (¢ = 0.71 and 0.83) the plasma-assisted combustion leads to
lower intensities of HyO, HoO + CO3 and CO, emitters at the flame top
(50 mm) compared to data without plasma assistance (0 kHz). It was
assumed that it occurs due to decreased length of flame as during the
plasma-assisted combustion the flame is moved closer to the burner
cone.

It was determined that HoO* emission intensity in UV-VIS range
linearly correlates with CO; emission intensity in MIR range changing
the combustion conditions and the positive plasma effect is only
observed at poor combustion conditions, but emissions intensity of CO5
emitter correlates better with the adiabatic flame temperature.

Flame characterization using flame emission spectroscopy in the
UV-VIS and MIR range could be promising technique to foreseen radi-
ative characteristics of the flames and also for the flame temperature
measurement. This is especially important in the plasma-assisted com-
bustion, where electron impact influences the electronic devices or
direct measurement devices as thermocouples. Flame temperature
measurement in plasma-assisted flames could expand knowledge on
plasma discharge influence on the flame and provide more details for
numerical calculations. In future research, this technique coupled with
heat flux measurement will be applied for zero carbon fuel (ammonia,
hydrogen) plasma-assisted combustion to determine radiative charac-
teristics changes without carbon footprint and to investigate possibilities
of accurate temperature measurement via water vapour emission. Also
to increase accuracy of the in-situ measurement for temperature of
plasma-assisted flames, the experimental setup will be modified to apply
the direct flame temperature measurement techniques of flames without
plasma assistance and calibration will be applied for IR and temperature
data correlations.
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