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This paper presents the initial characterization of a new burner design to study the effect of non-thermal plasma
discharge on combustion characteristics at atmospheric pressure. The burner allows stabilizing an inverted cone
flame in a mixture flowing through a perforated plate designed as a microplasma reactor. The design principle of
the microplasma reactor is based on the dielectric barrier discharge scheme which helps to generate a stable non-
thermal plasma discharge driven by nanosecond high-voltage pulses in the burner holes. The consumed power
and pulse energy have been calculated from simultaneously measurements of current and voltage of the elec-
trical pulses. Time-resolved measurements of direct emission spectra for nitrogen second positive system N5(C-B)
have been done to determine the rotational and vibrational temperatures of the plasma discharge. By fitting the
spectra with SPECAIR simulation data, it was found that the rotational and vibrational temperatures are 480 K
and 3700K, respectively, for the discharge in methane-air mixture with an equivalence ratio of 0.5 at atmo-
spheric pressure. The influence of a high-voltage (5kV) pulsed nanosecond discharge on the laminar burning
velocity of methane-air flame has been investigated over a range of equivalence ratios (0.55-0.75). The laminar
burning velocity was calculated by the conical flame area method which has been validated by other published
data. CH* chemiluminescence image analysis has been applied to accurately determine the flame area. The
results show an increase of the burning velocity of about 100% in very lean (@ = 0.55) flames as a result of the
plasma discharge effect.

1. Introduction

[4], microwave [5] and RF discharge [6], have been used to generate
plasma discharges in combustion applications. Among all these types of

In recent decades, great efforts have been performed to reduce NOy
emissions from the combustion products of gas turbines, aircraft en-
gines, industrial burners and automotive engines. These efforts include
and are not limited to exhaust gas recirculation, staging combustion,
catalytic converter, oxy-fuel combustion and lean premixed combus-
tion. One of the most promising ways to burn in very lean conditions is
to generate a sustainable source of reactive species in the combustion
domain by the so-called ’plasma-assisted combustion’.

Plasma-assisted combustion has attracted a lot of attention over the
last decades due to its capability to stabilize ultra-lean flames, decrease
ignition delay time, extend flammability limits and increase the burning
velocity [1,2]. A lot of fundamental research has been done to address
different mechanisms by which non-thermal plasma enhances com-
bustion characteristics.

Many types of power sources, like AC discharge [3], DC discharge

plasma discharges, nanosecond-pulsed discharge is considered a very
active source of highly energetic electrons and reactive species [7,8].
Moreover, the non-thermal nature of nanosecond-pulsed discharge
helps to avoid excessive gas heating which leads to thermal NO, pro-
duction.

In addition, the dielectric barrier discharge scheme (DBD) [9,10] is
considered as one of the most successful ways to reduce the chances of
generating the undesired glow to arc transition, which is usually come
along with the high-voltage pulses. The presence of a dielectric layer
between the electrodes reduces the electric field generated by a given
charge density. This helps to generate a uniform discharge distribution
and reduces the chances of glow to arc transition for atmospheric
pressure applications.

In this paper, we introduce a new burner platform that utilizes a
dielectric barrier microplasma reactor to sustain a stable non-thermal
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Methane-air flame

DBD microplasma reactor

Fig. 1. Image of DBD microplasma burner and lean methane-air flame.

plasma discharge in all of the holes of a perforated burner plate using
nanosecond high-voltage power source at atmospheric pressure. Fig. 1
shows an example of a methane-air flame stabilized above the perfo-
rated plate during the plasma discharge. By this way, we ensure a close
interaction between plasma discharge and gas mixture before burning.
The main goal of this setup is to study the effects of nanosecond high-
voltage plasma discharge on burning velocity and combustion chem-
istry of methane-air flames at atmospheric pressure over a broad range
of plasma and flame conditions.

This article will focus, first, on describing the microplasma reactor
design and experimental setup, followed by electrical and thermal
parameter measurements of the plasma discharge for methane-air
mixture. Finally, the burning velocity of methane-air premixed flames
at different equivalence ratios and plasma conditions have been in-
vestigated.

2. Experimental setup
2.1. Microplasma reactor geometry
As shown in Fig. 2, the reactor geometry is consisting of four layers

of electrodes, each pair of electrodes (anode and cathode) can work
separately or together. Cathode and anode electrodes are separated by a
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dielectric material with a thickness of 0.36 mm. The outer and inner
electrodes are made of copper with a thickness of 18 pm and 38 pm
respectively. The separation distance between the two inner electrodes
is 0.6 mm, while the total thickness of the reactor is 1.5 mm. Two sets of
hole diameters have been used. In the central part, there are 19 holes
with a diameter of 350 um to anchor the flame in the central position
and produce thereby inverted cone flames. Apart from the center, there
are 344 holes with a diameter of 400 pm. All the holes are arranged in a
hexagonal pattern with a pitch of 1 mm. The effective area of the re-
actor is 314 mm? with a blockage ratio of 86 percent.

A study of geometrical and electrical parameters has been per-
formed to ensure minimum dielectric thickness that is capable to ac-
quire a strong plasma discharge. The geometry has been designed such
that most of the discharge to be located inside the holes instead of being
on top or bottom surfaces of the reactor for better interaction with the
flowing gas. The width and thickness of the embedded electrodes have
been calculated to safely withstand the peak current of the discharge
pulses which is 80 A for a duration of 10 ns, as shown in Fig. 5. In this
study,

Fig. 3 shows an example of the discharges in air at atmospheric
pressure (left) and 50 mbar (right). It can be noticed that, at atmo-
spheric pressure, the discharge is concentrated as an annular ring
around the wall of the holes near the cathode, while, at 50 mbar, the

18ym outer copper layer
Grounded electrode

'
0,36
“ \ Dielectric
36pm inner copper layer
Section (B) High voltage electrode

PLasma discharge

T Gas inlet

VIEW (C)

Fig. 2. Schematic of the DBD microplasma burner plate [all dimensions are in mm].
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discharge fills the whole volume of the holes and spreads far above the
perforated plate.

The dielectric material is a composite material composed of woven
electrical grade fiberglass with an epoxy resin. It has a dielectric con-
stant D, of 4.17 + 0.05 at (1 GHz/23°C), a thermal conductivity of
0.4 W/mK, a dielectric breakdown voltage of 50 kV, a thermal expan-
sion coefficient of 14 ppm/°C and glass transition temperature of
180 °C. This material has a stable performance over a wide range of
frequencies and temperatures as well as good machinability perfor-
mance.
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Fig. 3. Plasma discharge in the DBD microplasma
reactor in air at (a) 1 bar (b) 50 mbar.

(b)

2.2. Flow setup

The schematic representation of the experimental setup is shown in
Fig. 4. The burner consists of four main parts; the plenum chamber in
the bottom, water jacket in the middle, microplasma reactor and quartz
tube on top of the burner. The plenum chamber and the water jacket are
made of steel and brass respectively. The plenum chamber creates a
uniform flow towards the plasma reactor. The gas inlet is located at the
bottom of the plenum chamber. A perforated plate, which is placed
20 mm from the bottom, works as a flow straightener. The holes in the
perforated plate cover the entire area of the plate.

The holes are 1.0 mm in diameter and 2.0 mm in pitch. The reactor
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Fig. 4. Schematic of the experimental setup.
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Fig. 5. (a) Temporal development of the current (red line) and the applied voltage (black line) in methane-air mixture with ¢p = 0.5 at atmospheric pressure and 3.4 1/min flow rate; (b)
Calculated instantaneous power (black line) and the pulse energy (red line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

temperature is controlled by means of a water jacket underneath of the
microplasma reactor. The inlet and outlet of the water are connected to
a thermostat to keep the water temperature at the pre-set value, up to
80 °C. A cylindrical quartz tube with an internal diameter of 22 mm, a
wall thickness of 2mm and height of 100 mm is used to confine the
combustion and to provide an optical access to the flame.

The air and methane flow are controlled by a mass flow controllers
(MFC) which are connected to the computer via an RS232 serial line
and communicates through Bronkhhost program. A cylindrical buffer
vessel is placed before the MFC to damp any pressure fluctuations from
the source. In addition, an air filter is installed just before the MFC to
avoid gas contamination. To ensure purity, synthetic air grade 4.0 has
been used.

2.3. Optical emission spectroscopy

The optical emission spectroscopic measurements have been per-
formed with a SpectraPro 2500i spectrometer of a focal distance of
0.5 m fitted with three gratings; 300 (blazed at 300 nm), 1800 (blazed
at 200 nm) and 3600 (blazed at 300 nm) grooves/mm with an entrance
slit of 20 um. The emission spectra from the plasma discharge have
been recorded using a 1024 x 1024 pixels ICCD camera (Princeton
Instrument PIMax). The entire optical system is calibrated using a low-
pressure pencil-type mercury calibration lamp model ORIEL 6035. An
UV-Nikkor lens with 105 mm focal length and f/4.5 attached to the
spectrometer entrance slit has been used to collect the emitted light
from the plasma. The slit function of the spectrograph is approximately
a Gaussian shape with equivalent FWHM (full width at half maximum)
of 0.58 nm at 300 grooves/mm grating, 0.084 nm at 1800 grooves/mm
grating and 0.037 nm at 3600 grooves/mm grating.

Synchronization between the pulse signal and the ICCD camera was
achieved by the triggering signal from the pulse generator. A 200 ns
time delay has been observed between the pulse and the onset of the
plasma discharge. This time delay comes from three sources; (1) the
pulse generator delay, (2) signal delay due to the cable length (3 m) and
(3) the charging of the reactor capacitance.

3. Results and discussion
3.1. Electric characteristics

A non-equilibrium plasma has been produced by a Mega-Impulse
semiconductor based pulse generator model NPG-6/15k. A series of
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electric positive polarity pulses of 4-7kV in amplitude at a matched
load of 75 Ohm or 10 kV at open circuit, 10 ns in duration and 6 ns rise
time is created at a pulse repetition frequency in the range of 0-10 kHz.
Fig. 5 shows the current and applied voltage characteristics of the
discharge in methane-air mixture with ¢p = 0.5 at atmospheric pressure
for the electrode system shown in Fig. 2.

A data oscilloscope model Lecroy Waverunner 44MXi-A with a
bandwidth of 400 MHz has been used to simultaneously monitor the
voltage and current wave signals. A 10V and 100 ns pulse signal pro-
duced by a pulse generator model FY2102S is used to trigger the plasma
generator. The voltage is recorded by a North Star high-voltage probe
model PVM-4 with a sensitivity of 1 V/1 kV, a bandwidth of 120 MHz
and 2 ns rise time. The current through the electrodes is measured by a
Bergoz current transformer model CT-F0.5 with a 1.75 ns rise time and
a sensitivity of 0.5V/A voltage-to-current conversion located on the
ground cable.

Fig. 5(a) shows the total current and voltage evolution for a single
pulse of a single layer DBD microplasma reactor in methane-air mixture
with ¢ = 0.5 at atmospheric pressure and 3.4 L/min flow rate. As
shown, the voltage signal has two peaks, the first one has a positive
polarity and peak value of 5 kV, while the second one has a peak of 2 kV
with a negative polarity. The current signal has also the same behaviour
with positive peak of 80 A, and a negative peak of 50 A. The full width
at half maximum (FWHM) duration of each current signal is about
10 ns.

The instantaneous pulse power P applied to the plasma is obtained
by multiplying the measured voltage V and the discharge current I
(black line in Fig. 5(b)). Then, the power is integrated over the pulse
duration to get the energy deposited in the plasma discharge. As shown
in Fig. 5(b), the total energy per pulse E is about 0.45mJ/pulse for
¢ = 0.5 at atmospheric pressure.

Epulse = ‘/:2 I1-vdt )

To evaluate the effect of the fuel amount in the mixture on the
discharge intensity, Fig. 6 shows the total pulse energy for different
equivalence ratios, ranging from 0.5 to 0.75, while keeping the voltage
across the electrodes at 5kV. As shown in the figure, by increasing the
equivalence ratio from 0.5 to 0.75, the total pulse energy decreases,
slightly, from 0.45 to 0.42mJ/pulse. A similar behaviour has been
observed by Pilla et al. [11], where they found that the excited species
are partially consumed, quenched or produced in a smaller amount by
increasing the amount of the fuel in the mixture.
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Fig. 6. The discharge energy per pulse for methane-air mixture for different equivalence
ratios, at atmospheric pressure and 3.4 1/min flow rate.

3.2. Plasma discharge temperatures

The rotational temperature has been calculated from relative in-
tensities of spectral line broadening of the (0-2) band structure of ni-
trogen second positive system N, (C-B). The spectra are integrated over
an exposure time of 100 ns following the starting of the voltage pulse
with a slit width of 20 pm and it is accumulated for 300,000 pulses to
increase the measurement accuracy. The signal has been averaged over
four entire holes of 0.4 mm diameter. The measurements are carried out
for a methane-air mixture with an equivalence ratio of 0.5, flow rate of
3.41/min and pulses repetition rate of 3kHz using a grating of 3600
grooves/mm. As shown in Fig. 7 (left), the rotational temperature of the
discharge is determined by fitting the experimental spectra with the
line-by-line radiation code SPECAIR [12] and convoluted with the
measured instrumental slit function. The rotational temperature was
found to be 480 + 50K under the above-mentioned conditions.

The vibrational temperature of the plasma discharge was obtained
by comparing the relative intensities of nitrogen second positive system
N, (C-B) with the SPECAIR simulation data. The measurements are
done by using a grating of 1800 grooves/mm which covers the fol-
lowing bands (0-2), (1-3), (2-4) of N5 (C-B). Like the rotational

:
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measurements, the signal is averaged over four complete holes and
integrated over 100,000 pulses. As shown in Fig. 7 (right), the SPECAIR
code shows a good agreement with a vibrational temperature of
3700 = 100K. This shows that the vibrational temperature, which is
mainly driven by electron collisions, is considerably higher than the
rotational temperature. This indicates a high average electron energy in
the plasma discharge at this condition.

3.3. Gas temperature

In non-equilibrium plasmas at atmospheric pressure driven by na-
nosecond pulses, the rotational excitation requires low energy and short
transition time. Therefore, a thermal equilibrium between molecules in
rotational states and heavy molecules of the gas can be easily achieved
[13]. Based on that, a translational temperature of 480 K, which is the
rotational temperature of the discharge as shown in the Section 3.2, can
be assumed. Of course, this translational temperature is a time and
location dependent, i.e. it exists only during the pulse duration and at
the discharge location. In other words, the translational temperature is
not necessarily to be equal to the average gas temperature.

To measure the average gas flow temperature, we used a shielded
thermocouple type K (model Testo 0602) with 5 mm measurement head
to damp fluctuations resulting from the strong electromagnetic field
generated by the high-voltage discharge. The probe head is located
5mm above the central hole of the plasma reactor. Fig. 8 shows the
increase of the gas flow temperature as a function of pulse repetition
frequency at a flow rate of 3.41/min and an equivalence ratio of 0.5.
The figure shows an average value of 6 degrees of temperature rise per
1 kHz when the voltage across the electrodes is 5kV.

This figure provides an average value of the thermal power gener-
ated by the plasma discharge Q = 1. c. AT equal to 0.42W for 1 kHz
i.e., 0.42mJ/pulse. This value is about 94% of the pulse energy cal-
culated by the voltage and current measurements in Section 3.1. The
remaining 6% of the consumed power is spent into other directions
such as; (a) heating-up the dielectric material and part of this goes to
the burner body by conduction, (b) some of the energy is spent in the
so-called ’plasma buffer’ as shown in Fig. 2A, which is a small surface
plasma discharge work in parallel with the microplasma discharge to
increase the lifetime of the reactor, and (c) a small fraction of the en-
ergy can be lost in the electromagnetic radiation generated by the re-
actor.
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Fig. 7. Experimental and simulated spectra of the plasma discharge in methane-air mixture with an equivalence ratio of 0.5 and flow rate of 3.4 1/min at atmospheric pressure (left) using

a 3600 grooves/mm grating, and (right) using an 1800 grooves/mm grating.
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Fig. 8. The effect of discharge frequency on methane-air mixture temperature of a 3.41/
min gas flow rate, an equivalence ratio of 0.5 and a voltage of 5kV at atmospheric
pressure.

Flame front

Plasma reactor

Fig. 9. Schematic of the flame area method to measure the laminar burning velocity S;.
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3.4. Burning velocity measurements

The main principle to determine the burning velocity is to measure
the normal component to the flow velocity of the mixture at the flame
front, which is supposed to be equal to the burning velocity of the gas
mixture. The average burning velocity S; is calculated by dividing the
gas mixture volume flow rate Q by the conical area of the flame front
Aflame

S = Q/Aﬂamc 2)

To accurately determine the flame area, CH* chemiluminescence
images taken by Nikon camera model D5200 fitted with 50 mm focal
length and a 10-nm bandpass filter (CVI Melles Griot F10-430.0-4-
50.0 M) centred at 430 nm have been used. A CH* chemiluminescence
analysis has been used to avoid the error in area calculation due to
flame luminosity. Account is taken for the axial symmetry of the flame,
as shown in Fig. 9.

This method has been validated by comparing the base-case results
(without plasma discharge) with other published experimental and
numerical (GRI-Mech 3.0) results on burning velocity for methane-air
mixtures at atmospheric conditions, [14-18]. As shown in Fig. 10, the
present experimental results are in a good agreement with the pub-
lished data with a slight over-estimation at very lean conditions.

In the case of plasma discharge, a correction has been made for the
volumetric flow rate calculation to account for the mixture thermal
expansion due to plasma heating effect to the gas mixture, see Fig. 9.

Qeorr = Q'(nut/’l;n) 3

where Q.o is the corrected flow rate, Q is the inlet flow rate, T, is the
mixture temperature downstream the reactor and Tj, is the inlet mix-
ture temperature. T, is calculated based on the total consumed energy
at the corresponding equivalence ratio, as shown in Fig. 6.

To illustrate the effect of plasma discharge on the laminar burning
velocity, Fig. 11 shows CH* chemiluminescence images of methane-air
premixed flames at different equivalence ratios, ranging from 0.55 to
0.75, and plasma voltage of 5kV at atmospheric pressure and different

Fig. 10. Validation of laminar burning velocity mea-
surements from the present study and published data
for methane-air mixtures at P = 1 bar and T = 300 K.
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Fig. 11. CH* chemiluminescence images for methane-air flame at different pulse repetition rates and different equivalence ratios at atmospheric pressure and V = 5kV.

pulse repetition rates. For instance, at equivalence of 0.6, and in the
absence of plasma discharge, the flame has a conical shape, with a
5mm base, anchored at the central position. The figure shows a re-
duction in the flame front area by 27% at a pulse repetition rate of
10 kHz. In this condition, an increase of 22% in the mixture flow rate as
a result of the heating effect due to the plasma discharge has been
considered. This shows an overall increase in the burning velocity of
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about 66%. Table 1 shows the percentage of the plasma power to the
flame power for methane-air flames at different equivalence ratios and
pulse repetition rates.

Fig. 12 shows an overview on the effect of pulse repetition rate at
different equivalence ratios on the laminar burning velocity of me-
thane-air flames at atmospheric pressure and initial gas temperature of
300K and voltage of 5kV. The plasma discharge, promoted by the
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Table 1
Percentage of the plasma power to the flame power (%) for methane-air flames at dif-
ferent equivalence ratios and pulse repetition rates.

/1] Flow rate (I/min) Pulse repetition rate (kHz)

2 4 6 8 10
0.55 2.55 1.58 3.16 4.74 6.32 7.90
0.60 3.40 1.06 2.13 3.19 4.25 5.31
0.65 4.43 0.74 1.48 2.21 2.95 3.69
0.70 5.45 0.54 1.09 1.63 2.18 2.72
0.75 5.96 0.45 0.91 1.36 1.81 2.27

thermal and chemical enhancement mechanism, was capable to in-
crease the laminar burning velocity. This enhancement depends on the
mixture equivalence ratio, discharge repetition rate, the flame power
and the flame to plasma distance. These factors can also identify the
relative weight of each mechanism to enhance the burning velocity.
According to the figure, for very lean condition (& = 0.55), plasma
discharge was capable to increase the burning velocity from 8.5 cm/s to
16.6 cm/s, which is about 100% enhancement, at pulse repetition rate
of 10kHz by consuming 7.9% of flame power. At higher equivalence
ratio, the influence of plasma on the burning velocity is less significant.
For instance, at an equivalence ratio of (& = 0.75), the enhancement of
laminar burning velocity at a pulse repetition rate of 10 kHz is only
about 26%. We can explain this reduction of the plasma effect by two
reasons. First, the plasma/flame power ratio decreases with increasing
the equivalence ratio, as shown in Table 1. Second, the reduction in the
plasma species and radicals as a result of increasing the amount of fuel
in the mixture, as mentioned later in Section 3.1.

To accurately define the main mechanism responsible for this en-
hancement, a CHEM1D code [19] has been used to simulate the burning
velocity at the same conditions but with inlet mixture temperatures
equal to those produced by the plasma discharge. Fig. 13 shows a
comparison between the simulated (in red) and experimental results (in
blue) for methane-air flames at an equivalence ratio of 0.6. The results

Experimental Thermal and Fluid Science 95 (2018) 18-26
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Fig. 13. A comparison between the effect of plasma discharge (in blue) and the simulated
inlet mixture temperature (in red) on the burning velocity, for methane-air flames at an
equivalence ratio of 0.6.

indicate that the thermal effect of the plasma discharge is the dom-
inating mechanism for the burning velocity enhancement. However,
there is a small contribution (5-10%) due to other mechanisms, like
kinetic and transport, can be extracted from the difference between the
experimental and simulation results. Moreover, one can notice that this
difference is slightly higher at high repetition rates. This can be at-
tributed to the higher background ionization level at high repetition
rates, as reported by Nijdam et al. [20]. This high background ioniza-
tion can increase the concentration of the long lifetime species, which
may play a role in the increase of the burning velocity. More in-
vestigation is needed to address the species responsible for this beha-
viour and the effect of pulse repetition rate on the concentration of
those species.

T Fig. 12. Effect of pulse repetition rate on laminar
burning velocity, calculated by the flame area
method, for methane-air flames at different
equivalence ratios at atmospheric pressure and
V = 5kV.
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4. Conclusion

This paper presents a new burner configuration that utilizes a DBD
microplasma reactor driven by nanosecond repetitively high voltage
pulses. By this design, we are able to hold an inverted conical shape
flame at lean condition on top of the reactor to study the effect of the
non-thermal plasma discharge on the flame characteristics at atmo-
spheric pressure.

Time evolution of the current and voltage have been measured si-
multaneously to calculate the pulse energy. A set of spectral analyses of
nitrogen second positive system N, (C-B) was done to characterize the
vibrational and rotational temperatures of the plasma discharge. These
measurements provide values of 480K and 3700K for the rotational
and vibrational temperatures, respectively, by fitting the experimental
results to SPECAIR simulation data. Average gas temperature, which
represents a key parameter for the burning velocity enhancement, was
measured. An average value of six degrees rise in the gas temperature
per one kHz of pulse repetition rate for 3.4 1/min of gas flow was found.
This indicates that a value of 0.42 mJ/pulse of pulse energy is trans-
ferred to the gas as thermal energy.

An experiment to measure the laminar burning velocity has been
done using the flame area method. CH* chemiluminescence image
analysis has been used to accurately determine the flame area. The
results show that the increase in the burning velocity depends on a
number of factors, namely, equivalence ratio, pulse repetition rate, and
plasma to flame power ratio. Finally, a comparison between the ex-
perimental and numerical results reveal that about 90% of the burning
velocity enhancement is due to the increase in the mixture temperature
as a result of the plasma discharge.
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