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Abstract: Reduction of nitric oxides (NOx) in aircraft engines and in gas turbines by lean combustion
is of great interest in the design of novel combustion systems. However, the stabilization of the
flame under lean conditions is a main issue. In this context, the present work investigates the effects
of sinusoidal dielectric barrier discharge (DBD) on a lean inverse diffusive methane/air flame in a
Bunsen-type burner under different actuation conditions. The flame appearance was investigated
with fixed methane loading (mass flux), but with varying inner airflow rate. High-speed flame
imaging was done by using an intensified (charge-coupled device) CCD camera equipped with
different optical filters in order to selectively record signals from the chemiluminescent species OH*,
CH*, or CO2* to evaluate the flame behavior in presence of plasma actuation. The electrical power
consumption was less than 33 W. It was evident that the plasma flame enhancement was significantly
influenced by the plasma discharges, particularly at high inner airflow rates. The flame structure
changes drastically when the dissipated plasma power increases. The flame area decreases due to the
enhancement of mixing and chemical reactions that lead to a more anchored flame on the quartz exit
with a reduction of the flame length.
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1. Introduction

Non-premixed flames have better stability under wide ranges of operating conditions and safety
with respect to premixed-flame-based combustion [1–3]. Several previous investigations have been
performed to gain an understanding of the characteristics of the flame [4–6]. An important limit of the
premixed flames is their tendency to blow off operating without external stabilization devices [7].

In a non-premixed coaxial burner, two types of flames could be established: normal diffusive
flames (NDFs) and inverse diffusive flames (IDFs). IDF flames are characterized by an inner oxidizer
jet surrounded by an outer fuel jet. In presence of high air jet velocity, the fuel of the outer jet is
entrained inward and mixes with the air, leading to a partially premixed flame. If not, it burns as a
diffusive flame [8].

Inverse diffusive flames are of great interest due to their features of reducing soot production [9]
and NOx formation [10], with respect to NDFs. The soot emission from NDF with hydrocarbon fuel is
a major problem in practical combustors because the soot particles, beyond the pollution action, act as
a point heat source, radiating heat to the combustor walls and producing higher thermal stresses [11].
Moreover, although an NDF presents low tendency to blow off, it has a low heat release rate [12] and
over-long flame length due to incomplete combustion [13,14].
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In the study of Sidebotham et al. [15], the soot formation characteristics of IDFs were investigated
under the effects of temperature, fuel structure, and fuel concentration, underlining that IDFs had
lower soot loading than NDF flames. Hence, there is a growing interest in the inverse non-premixed
coflow flames [16], even if inverse CH4/air coflow flames present reduced stability limits with respect
to normal non-premixed CH4/air coflow flames [16,17].

Inverse jet flames are used in fields as various as rocket engines and staged combustion
systems [18–21]. The injection of central oxidizer with annular hydrogen jet in rocket engine combustors
helps to minimize the oxidation of combustor walls [22]. Previous works [8,11,23,24] investigated the
effect of the air–fuel velocity ratio on the characteristics of IDF. The higher air–fuel momentum ratio of
IDF configuration helps in enhancing mixing in the flame configuration [11].

With the aim to improve the flame stabilization, recent investigations performed the use of
nonthermal plasma (NTPs), sometimes called nonequilibrium or “cold” plasmas, for combustion
enhancement. Nonthermal plasmas appear interesting for their high energy efficiency, because the
power consumption for the actuator is low with respect to heat release from the flame, and for the
small temperature rise that they produce with a consequent low impact on thermal production of NOx.
Several studies proved that plasma discharges improve the ignition of fuel/air mixtures [25,26], increase
flame propagation [27], enhance flame stabilization [28,29], and extend flammability limits [30].

Hence, a plasma actuator may be substantially defined as a device able to change locally the
chemical and the flame dynamic by the application of an applied electric field [31]. The electric field
may be produced using a high-voltage, short duration, high-frequency pulse or sinusoidal voltage
signal. Previous studies showed that nanosecond high-voltage pulses might reduce the ignition delay
time, and asserted the application of the plasma actuation for the flame stabilization [32,33]. In [34],
an electrical pulse of about 10 kV, with duration of 10 ns and frequency of 30 kHz, was applied to
stabilize a lean premixed methane/air flame at atmospheric pressure. The effect was the stabilization
of the lean flame and the reduction of the lean extinction limit by about 10%–15%, with a plasma power
that was less than 1% of the power of the flame. In [35], a repetitive discharge (9 kHz), with voltage
pulse duration of the order 100 ms, was used to extend the flammability limit of a lean premixed
propane/air mixture at atmospheric pressure. In this context, there is a lack of investigations regarding
the application of sinusoidally driven plasma discharges for combustion enhancement. Sinusoidal
plasma actuators were successfully used for cold flow control [31,36,37]. In the field of combustion
control, many studies were carried out on the liftoff flame control [38,39] or on the supersonic flow
combustion control [40].

Regarding the geometry of actuator, dielectric barrier discharge (DBD), also called silent discharge,
appears as one of the more promising nonthermal plasma sources. DBD plasmas are generated between
two electrodes that are separated by a dielectric surface [23,24].

DBD repetitive pulsed plasmas have been applied to stabilize methane jet flames [30] or propane
jet flames [41]. The liftoff height was found to be reduced by more than 50% in the presence of
plasma discharges.

Hence, DBD plasma actuators might be a promising technique for flame stabilization. The present
work investigates the behavior of methane/air NDF and IDF flames under the effects of a DBD
actuator applied to stabilize and improve the combustion efficiency under different inner airflow
rates. The plasma discharge is generated using a pulsed sinusoidal high-voltage signal with dissipated
electrical power up to 33 W. The flame characterization was performed by a charge-coupled device
(CCD) camera in the visible spectral range and by an UV-intensified CCD camera, in association with
different optical filters able to select signals from the chemiluminescent species OH*, CH*, and CO2*.
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2. Methodology

2.1. Experimental Apparatus

Experiments were carried out using a burner equipped with the coaxial DBD plasma actuator,
a gases feeder system with air and methane fueling lines; a high-voltage (HV) sinusoidal power supply
system; a high-voltage probe, a current probe, and an oscilloscope; and a visible range charge-coupled
device (CCD) camera and intensified CCD (ICCD) camera with OH*, CH* and CO2* filters, as shown
in Figure 1.

The coaxial burner is realized with two concentric tubes: the internal one is a stainless-steel tube
(external diameter 8 mm, thickness 0.5 mm) and the external one is a quartz tube (internal diameter
10 mm, thickness 1 mm). The two tubes are positioned to have a mixing length, defined in Figure 1a,
equal to 60 mm.

The gases feeder is composed of air and methane tanks, pressure regulators, and flow controllers.
The flow meters used are the SFAB-50U-HQ12-2SV-M12 of Festo® (Esslingen, Germany) for the air [42],
with a measurement uncertainty of ±3% of measured value, and the EW-32907-57 of ColeParmer®

(Vernon Hills, IL, USA) for the methane [43], with a measurement uncertainty of ±0.8% of reading.
The DBD actuator is realized with a copper ring (80 mm long and thickness equal to 0.6 mm)

rolled up the quartz tube that acts as an HV electrode, while the steel central tube acts as the grounded
electrode. The HV electrode is connected with the HV Dielectric Barrier Corona and Plasma Discharge
Resonant Driver (commercialized by Information Unlimited® Mont Vernon, NH, USA) generator [44].
It supplies the actuator with a sinusoidal voltage waveform V (t) characterized by a frequency of
≈20 kHz and different amplitudes.

The standoff distance, defined in Figure 1a, was set to 0, hence the influence of the plasma
actuation is significant for the fuel–air mixing.

In Figure 1b, it is also possible to observe the positioning of the HV probe (Tektronix P6015A) [45]
on the HV line and the current probe (Bergoz Current Transformer CT-D1.0-B) [46] on the ground
side. The oscilloscope (Tektronix TDS2024C) [47] is used for the signal acquisition from the two probes
with an accuracy of ±3%. A dedicated personal computer (PC) is used for the signals’ acquisition.
The oscilloscope captures 2500 points at a sampling rate of 25 MHz, therefore, two periods (T) for each
waveform. For each input voltage, 128 acquisitions are recorded and averaged.
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Figure 1. Experimental setup: (a) gases feeder lines, charge-coupled device (CCD) and intensified CCD
(ICCD) positioning, high-voltage power-amplifier connection; (b) electrical connection of voltage and
current probe and oscilloscope.

2.2. Chemiluminescence Measurement Systems

The high-speed CCD camera MEMRECAM GX-3® of (NAC Image Technology, Simi Valley, CA,
USA) (visible spectral range emission) [48] was used to capture the flame images in the visible spectral
range. Images were taken with a frame rate of 200 Hz.
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The Phantom Miro M320S® High-Speed Digital Camera CCD by La Vision® [49], in association
with an intensifier by Lambert Instrumentation® [50], was used to visualize the UV emissions from
the flame following the plasma application. In particular, using appropriate filters, images of OH*,
CH*, and CO2* radicals were carried out. The ICCD has a maximum frame rate at full resolution
(1920 × 1080) of 1540 Hz, a sensitivity of 1100 ISO, interframe time of 1.4 µs, and a pixel depth
of 12 bit. The intensifier (photocathode material S20, Phosphor screen P46) has a spectral range
of 270–450 nm. The intensifier gain was set to 600 for all the chemiluminescence acquisitions.
The quantum efficiency (QE) of the intensifier/CCD coupling for the two wavelengths is about
0.6% for OH*, 3.85% for the CH*, and 1.9% for the CO2*. The images for the analysis were taken with a
resolution of 200 pixels × 400 pixels, and a flame view area of 70 × 140 mm. For each test point, a set
of 50 single-images was recorded. The recording rate was 10 frames per second with an integration
time of 50,000 µs and 2 × 2 pixel hardware binning.

The chemiluminescence narrow bandpass filters are centered at 307 nm, 370 nm, and 431 nm,
respectively, for OH*, CO2*, and CH* (including the CO2* broadband emission). The optical width
of each optical filter is smaller than 10 nm to prevent overlapping of the bandwidth range of
transmission. The signals were recorded by the data acquisition (DAQ) device of National Instruments®

NI-USB 6008 [51] with an acquisition frequency of 5 kHz and 1 s of acquisition time for each test.
A Faraday cage was used to shield the cameras from any electromagnetic interference due to the high
electric fields required to generate the plasma discharge.

2.3. Test Conditions

With the aim to study the flame behavior near the blowout, different air and fuel mass flows
were driven, which leads to different values of the air-to-fuel momentum flux ratio (O/F)mom that is
defined as: (

O
F

)
mom

=
(ρu2)air
(ρu2)fuel

, (1)

where ρ is the density and u is the exit velocity. In Table 1, details of the experimental conditions were
reported. All the experiments were conducted keeping the pressure at atmospheric level, and the inlet
temperature, for both fuel and air, at 288 K.

Table 1. Settings for the different test conditions.

.
VCH4 (L/min)

.
Vair (L/min) uCH4 (m/s) uair (m/s) ReCH4 Reair (O/F)mom

0.6 3.5 0.35 1.52 63.31 714.52 34.30
0.6 7.5 0.35 3.25 63.31 1531.12 157.49
0.6 0 1.52 0 63.31 0 0

3. Results and Discussion

3.1. Electrical Characterization of the Plasma Discharge

As said before, the high-voltage and current probes permit acquisition of the signals of averaged
voltage V(t) and of averaged current I(t). They were used for calculating the electric power dissipation
Pel through the following formula:

Pel =
1

2T

2T∫
0

I(t)V(t)dt, (2)

Numerical integration was performed by the trapezoidal rule [52] and the corresponding
uncertainty resulted in ±4.2%.
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All measurements were made in presence of flame. An example of an acquisition (i.e., averaged
signals of the applied voltage and the current flowing in the discharge) is reported in Figure 2.

In Table 2, the power dissipation for all the tested operating conditions is reported. It is evident
that the rise of the applied voltage leads to an increase of the dissipated power, while at the same
voltage, the change in the standoff distance does not influence the power. The electrical power
consumption was less than 33 W.Energies 2017, 10, 334 5 of 15 
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Table 2. Dissipated electrical power in different test conditions.
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3.2. Visible Appearance of Flame at Different Fueling Mass Flow Rates in Absence of Plasma Actuation

As confirmed in [53], the relative velocity between the air and fuel jets, hence the air-to-fuel
momentum flux ratio (O/F)mom, governs the IDF structure. The appearance of IDF flame depends on
the airflow rate. The fueling rate and the airflow rate determine the overall equivalence ratio, as well
as the momentum flux ratio. Fixing the fueling rate, an increase in the airflow rate decreases the overall
equivalence ratio, but increases the (O/F)mom.

Figure 3 shows the visible flame images recorded by a high-resolution CCD camera. In presence
of the inner air mass flow rate, the flame shows a relatively bright base and a tower on top of the base,
which is different from the flame without the inner air when the flame presents an overall stretched
appearance. The flame height decreases if the inner air mass flow rate increases, indicating that the
flame propagation speed is relatively fast. The flame height reduction is about 65% and 75% in presence
of inner air.

The variation of the color of the flames is an indication of the extent of fuel entrainment. In the case
of pure diffusive flame (

.
Vair = 0), the fuel burns with surrounding air. In that case, the flame presents
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high intensity in false-color mode. In IDF flame, the central air jet entrains the fuel jet. The level of
entrainment of the fuel jet by the air jet governs the area where the fuel is burned in the diffusion mode
or premixed mode.

By increasing in airflow rate, entrainment is higher, and this minimizes the high-intensity region
that might correspond to the soot emission. The same behavior has been reported in [8]. Increasing the
airflow, the flame becomes asymmetric. The reduction in the flame length can be explained with the
rise of the shear between high-velocity air jet and low-velocity fuel jet that leads to an enhancement of
the mixing between them and to formation of shorter flame length. The enhanced mixing between air
and fuel jets is also evident from the change in the intensity of the luminous zone. The reduction in
visible flame length leads to smaller residence time for incipient soot particles in the high-temperature
zone, and this inhibits its surface growth.
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3.3. Visible Flame Morphology and Structure: Effect of DBD Plasma Actuator on the IDF Flame

The effects of the plasma discharges on the flame shape and luminosity can be qualitatively
observed from direct flame visualization. Figure 4 shows the temporal evolution of the flame, without
inner air flow, in absence and in presence of plasma actuation. The images were acquired with an
acquisition frequency of 5 kHz and the time step is equal to 0.0002 s. In Figure 4a, the flame shows a
cyclic shape with a period of 0.0008 s, a marked flame separation, and a noticeable change in the flame
height. The activation of the plasma demonstrates a strong effect on flame dynamics (see Figure 4b)
that appears more stable with a considerable attenuation of the flame height temporal variation.
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Figure 5 shows the influence of the applied voltage—which mean the influence of the electrical
dissipated power—on the flame appearance. For both the investigated conditions, combustion power
from the oxidation of the fuel is about ~330 W, calculated using the lower heating value of methane.
As previously shown, when increasing the inner air flow rate, which means the rise of (O/F)mom, it is
evident that the momentum of the central air jet plays a significant role in the flame height of the IDF.

It is evident that there is a smaller blue (premixing) zone above the quartz exit due to local
air–fuel premixing. The decrease in the momentum of the inner air jet in the axial direction reduces
the mixing of the fuel and air jets. This leads to a luminous diffusion flame, which corresponds to the
high-intensity region in the upper portion of flame.

The visible flame length of the diffusive outer flame part decreases with the increase of the airflow
rate. At the same time, the inner flame part becomes taller.

The response of the flame to DBD discharges depends significantly on the average power
deposited by the discharge, especially in presence of the inner airflow (see Figure 5b).

Figure 5a denotes a low influence of the applied plasma power on the flame, which shows a
notable height decrease only in the case of the maximum electrical dissipated power. In the cases with
intermediate dissipated power levels, the flame appears more asymmetric and sometimes higher than
the baseline condition.

In Figure 5b, the flame appears completely asymmetric in standard condition; turning on the DBD
actuator, this asymmetry decreases until the condition of maximum electrical power, where the flame
is radially symmetric. Also notable is the reduction of the flame height.

The low-intensity zone between the quartz end and the soot formation zone along the axis is also
reduced if the plasma is applied.
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3.4. CCD Imaging Chemiluminescence

Of course, the imaging in the visible spectral range is quite qualitative and may not reveal
information about the flame structure. As observed also in [54], the measurement of flame parameters,
such as flame height, in IDFs is complicated because soot forms in an annular region outside and
above the flame and radiates, obscuring the blue reaction zone, so that a more consistent measurement
of flame parameters can be made by acquisition with a color-intensified charge- coupled device (ICCD)
camera with narrow bandpass filters.

The present section aims to characterize the flame reaction zone and the flame structures based
on the chemiluminescence emissions, acquired by an intensified CCD camera.

First of all, the intensified camera has been used to detect the broadband flame emissions in the
UV spectral range. According to the broadband chemiluminescence, the flame area has been estimated
for the different cases, as reported in Figure 6a.

In the case of NDF flame,
.

Vair = 0, the estimated time-averaged area increases by raising the
plasma-dissipated power. Figure 5a shows an increase of the visible flame thickness, even if the flame
height diminishes. Furthermore, the time averaging is also influenced by the more steady flame with
plasma actuation and the absence of local extinguishments that are instead present in the baseline case
without actuation.

The IDF flame area, on the contrary, shows a trend from ascent to descent increasing the dissipated
plasma power, as shown in Figure 6b,c. In particular, at the maximum airflow rate (Figure 6c), a faster
decreasing of the area is evident for a dissipated power greater than 20 W. The decrease of the flame
area is due to a more anchored flame on the quartz exit with a reduction of the flame length, given by
the enhancement of chemical reactions.

Furthermore, the behavior of chemiluminescence emissions acquired by the CCD camera with
optical filters was also investigated. In methane–air flames, three main chemiluminescence emitters
are present in the UV–vis spectral range: hydroxyl OH*, methylidyne radicals CH*, and CO2*.
It should be underlined that the CH* intensity. as measured by the ICCD camera, also includes
the chemiluminescence contribution of CO2*, hence CO2* emissions have been also measured.
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different chemiluminescence UV emissions at 0.6 L/min of methane flow rate, 7.5 L/min of airflow
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As the CH* radical is mainly produced in the heat release zone of the flame, it can represent
the inner layer of the reaction zone. Furthermore, as the OH* intensity is high in the flame front,
the measured two-dimensional imaging of OH* qualitatively indicates the instantaneous shape of the
reaction zone.

The images for the cases with and without the plasma discharge are collected with the same
camera settings, such that relative differences between the cases can be compared.

Figure 6d–f show the flame heights estimated by the broadband, the OH* and CH*
chemiluminescence emission axial profiles, respectively, at the leanest fueling condition. It is evident
that the broadband flame height is greater than the flame heights from OH* and CH* emissions,
due to radiating soot surrounding and extending above the reaction zone. Hence, the broadband
chemiluminescence images overestimate the height of the reaction zone. Regarding the effect of the
plasma actuation, the behavior of the broadband flame height agrees with the flame area in Figure 6c,
with a decrease resulting from increasing the intensity of the plasma discharges, which means the
electrical power. The OH* also shows a decrease of the height at 35 W, with respect to the baseline case,
without actuation.

The height of the CH* chemiluminescence emission zone shows a different trend, with a rise at
the highest plasma power intensity. It should be underlined that the CH* chemiluminescence signal
originates in the flame zone near the stoichiometric surface. For a deeper analysis, Figure 7 shows
averaged OH* chemiluminescence images as a function of increasing plasma power at three different
inner airflow rate values. Because the OH* intensity reaches a maximum value in the flame front,
the measured two-dimensional imaging of OH* qualitatively indicates the instantaneous shape of the
reaction zone.
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Looking to Figure 7a, it is evident that in the case of NDF flame (
.

Vair = 0), the reaction zone
is located in the peripheral region of the flame with a maximum on the edge of the quartz tube.
The different levels of dissipated power have a low influence on the OH* emission. This result confirms
the trend shown in Figure 6a.

By increasing the airflow rate in the inner tube, the OH* intensity also rises. Furthermore, unlike
the NDF flame, the change of OH* distribution for the IDF is significant with increasing plasma power.

The test case with an intermediate airflow rate (Figure 7b) shows that the flame emission
distribution in the UV range is similar to the test case without airflow, with the peak of OH* emissions
occurring in a stretched ring around the centerline. The plasma discharge seems to attach this reaction
ring to the quartz tube, making the reaction zone more homogeneous.

In Figure 7c, the reaction zone takes place near the quartz edge with the increasing of the plasma
power; following the same power trend, the peak of OH* emissions decreases and results are upturned
compared to the baseline configuration.

The OH* distribution exhibits an “M shape” structure, which indicates the higher propagation
speed in the center of flame. Under plasma actuation, the flame propagation speed is improved, which
pushes the thin reaction zone against the upward flow, giving a new balance between the flow and the
burning zone.

Figure 8 shows the emissions of CH* and CO2* for the leaner configuration for every applied
plasma level. The CH* signal is mainly descriptive of the heat release zone, which appears centered in
the core of the flame, becoming smoother only when plasma level is high.

This last feature is also confirmed in the same figure by the CO2* chemiluminescence emissions;
at high plasma levels the map loses its tip, and the core of the emission has less intensity and moves
down to the quartz edge.

Figures 9 and 10 report radial and axial profiles of the radical emissions in the case of NDF flame
(Figure 9) and in the IDF flame at the highest inner airflow rate (Figure 10). In detail, along the three
rows of each figure, OH*, CH*, and CO2* are shown. The first two columns of both the figures show
the radial profiles at two axial positions at 20 mm and 10 mm, respectively, from the burner exit; the last
column depicts the axial profile along the centerline.

For the NDF case, the axial OH* distribution is quite similar for the different dissipated plasma
power levels. On the contrary, the CH* and CO2* profiles show significant differences based on the
dissipated plasma power, with a relevant axial shift of the centerline peak intensity towards the quartz
exit. Furthermore, the CO2* peak intensity is radially located close to the centerline.

In Figure 10, it is evident that, because of the entrainment of the high velocity central airflow,
the reaction zone (from the nozzle exit to the OH* peak location along the centerline) significantly
changes, increasing the plasma power. Furthermore, the OH* peak position in the axial profile moves
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towards the nozzle exit. The CH* radiations decrease relative to the flame without plasma discharge;
furthermore, they decrease also by increasing the plasma power, even if the axial distributions are
wider in presence of actuation, indicating that more fuel is oxidized, and the upper flame region
correspondingly decreases.

Figure 10 also shows a broadening in zone reaction for the actuated cases. This is evident looking
at the radial profiles for the OH* and CH* emissions, especially as the axial position increases.
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4. Conclusions

A coaxial–cylinder dielectric barrier discharge is used to activate a methane/air Bunsen flame.
The physical appearance of the Bunsen flame and its changes are directly imaged by OH*, CH*, and
CO2* chemiluminescence imaging.

The results confirm that the emission intensities of crucial radicals in combustion are greatly
influenced by the plasma discharge. Results show a rise of the OH* intensity by increasing the airflow
rate in the inner tube.

Qualitative chemiluminescence imaging indicates that, during plasma discharge, the shape of the
reaction zone of the flame changes, especially for the leaner condition. The overall map area interested
by UV emission is not influenced by plasma actuation in the case of NDF flame without inner air.
In the IDF configuration with inner airflow, the plasma presents a strong impact on the flame, moving
the reaction zone near the edge of the quartz tube and reducing the flame height.

For the NDF case, the axial OH* distribution is quite similar for the different dissipated plasma
power levels. On the contrary, the CH* and CO2* profiles are quite influenced by the presence of the
plasma discharges, with a relevant axial shift of the centerline peak intensity towards the quartz exit.
Furthermore, the CO2* peak intensity is radially located close to the centerline.

At high inner airflow rate, the entrainment of the high-velocity central airflow leads to a significant
change of the reaction zone by increasing the plasma power. Furthermore, the OH* peak position in the
axial profile moves towards the nozzle exit and the CH* radiations decrease relatively the NDF flame.
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