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This study investigates the effect of diffuse non-equilibrium nanosecond-pulsed plasma at atmospheric pressure on a lean-
premixed CHy-air flame (¢ = 0.65, P ~ 0.3 kW). The domain of diffuse plasma existence is explored for both the case of
the cold flow (no flame) and for the case where a flame is stabilized downstream. The dynamics of plasma propagation and
the flame displacement, following a high-voltage pulse, were measured using ICCD imaging. The energy of the plasma
was measured using electrical probes and measurements of the second positive system of nitrogen were used to determine
the rotational temperature and vibrational populations in the plasma. The effect of plasma on a flame was investigated by
varying the pulse repetition frequency gradually from 1 to 7 kHz. Time-resolved imaging of the plasma emission shows
that the primary streamer travels at higher velocities with increased pulsing frequency and with the presence of a flame
ignited downstream of the discharge. Time-resolved imaging of the flame, following a high-voltage pulse, shows that the
flame moves upstream into the unburned methane-air mixture with increased pulsing frequency. As the flame is displaced
upstream, the nature of the discharge also changes, whereby less energy is coupled to the gas volume. Spectroscopic results
reveal that the region in which the flame stabilizes is that of highest vibrational excitation and lowest rotational
temperature. This actuation method is evidence of low-temperature chemical flame enhancement and potential control of a

lean-premixed laminar flame at atmospheric pressure.

. INTRODUCTION

Plasma-assisted combustion (PAC) and plasma-assisted ignition (PAI) by non-equilibrium plasma are of growing
interest to the scientific community for the thermal, chemical, and hydrodynamic benefits provided to the combustion
process.” The use of low-temperature radical pools to enhance and accelerate burning rates was computationally
predicted almost thirty years ago," and since then PAI and PAC have been the focus of many research groups around the
world. PAI has been shown to reduce the ignition delay time, and facilitate utilization of combustible mixtures.”®’
Research on PAC has primarily focused on low-pressure environments, for the aerospace industry, to enhance the burning
rate of flames® and provide flame anchoring.” Atmospheric pressure PAC has mainly focused on the thermal enhancement
of combustion through the use of nanosecond-duration spark discharges.'® These produce high number densities of reactive

species, and ultrafast heating of the bulk gas.'"'

Although nanosecond-duration sparks have been used to stabilize
turbulent ﬂames,13 and extend the lean-burn re ime,14 they also increase the output of pollutants such as NO in gas-turbine
g y p p g

engines.” Thus, efforts in atmospheric pressure PAC for the gas-turbine industry should be placed on the use of low-

temperature high-energy radical pools to provide a more complete and low-emission combustion process.
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Numerical work has shown that replacing minute quantities of the O, in a CHy-air mixture with Oz(alAg)
molecules, at atmospheric pressure, significantly increases the flame speed.'® This is due to the enhancement of low-
temperature chain-branching reactions in the flame front, which produce increased quantities of CHz;, CH,O, OH, O, and H.
This increase has been experimentally confirmed by injecting O3 or Oz(alAg) molecules, far upstream of the burner’s inlet
for CH4-O, diffusion flames.'”'® Although the addition of Oz(alAg) particles will slightly increase the concentration of NO
in an engine’s exhaust,'” the increase in the flame speed will extend the lean-burn limit. This increase in the flame speed
allows a leaner flame to burn with far less NO produced in its exhaust, when compared to an un-activated flame with
identical flame speed.

In fuel-lean CHg-air low-temperature plasma, the production of Oz(alAg) and O('D) takes place following
collisions between ground-state O, and excited neutrals of N, (C’11,, B3Hg, all'[g...).20 These electronic states of N, are
produced by electron impact in the discharge at moderate reduced electric fields (E/N), and transmit their energy through
collisions to produce O('D) and Oz(alAg) particles. Additionally, collisional quenching rates of N,(C’I1,, B3Hg, aIHg. ..) by
neutral CHy are quite high, and can lead to the dissociation of fuel molecules, producing active particles (H, CH;, CH,,
CH...) that can further increase the flame speed.”” Recent work has shown that a diffuse plasma with a significantly lower
gas temperature (300-400 K) than a nanosecond-duration spark (1800-2200 K) can be used at atmospheric pressure to
activate fuel streams,”’ increase the blow off velocity of premixed CHy-air flames,™ and suppress thermo-acoustic
instabilities.”**

This study pertains to the actuation of a stabilized, lean-premixed CHy-air flame by diffuse non-equilibrium
nanosecond-pulsed plasma at atmospheric pressure. In an effort to simultaneously deliver the highest number density of
chemically active low-temperature species and provide instantaneous actuation of the flame, the plasma volume is directly
coupled to the flame front. Two flow conditions are studied: the first is that of the diffuse plasma in the non-ignited CHy-air
mixture (denoted as cold flow), and the second is that of the discharge with a stagnation flame stabilized downstream
(denoted downstream flame). The domain of the diffuse plasma is explored (extinction-to-spark), for both flows by varying
the pulse-repetition frequency of the discharge. Electrical diagnostics are presented and the energy per pulse is reported.
Time-resolved ICCD imaging of the plasma emission is used to explain the upper frequency limit of the diffuse plasma for
both flow conditions. Spatially-resolved spectroscopic measurements are presented and the rotational temperature and
vibrational population of the N,(C’I1,) state are determined. The measurements allow for a more detailed understanding on
the location of the flame stabilization. Finally, the displacement and relaxation of the flame following a high-voltage pulse

is reported using time-resolved ICCD imaging.
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Il. EXPERIMENTAL
A. Burner Assembly & Gas Discharge Configuration

Figure 1 shows the burner assembly and the gas discharge configuration. A mixture of CH, and air (¢ =0.65, u =
0.65 m/s) flows through the inner nozzle (20 mm 1.D.), while a co-flow stream of N, flows in the outer nozzle (45 mm L.D.)
to isolate the flame from the laboratory’s surroundings. Here, u is the average velocity at the exit of the nozzle and ¢ is the
equivalence ratio of the CHy-air mixture, given by (1).

(e, /)
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(nCH4 /nair )st

In (1), i, and 5 are the molar flow rates of CH,4 and air respectively, and ( Hey / . ) is the stoichiometric
4 air 4 ar Jse

ratio needed for complete combustion. A water-cooled stainless-steel stagnation plate is placed 40 mm downstream from
the nozzle exit, with a coolant flow rate of 45 LPM. The stagnation plate was electrically insulated to prevent it from acting
as a ground in the electrical circuit. The gas discharge configuration consists of a pair of stainless steel pins (1.3 mm in
diameter), located 15 mm above the exit of the nozzle. These pins are powered by a high-voltage nanosecond pulse
generator” connected to the anode while the cathode is connected to ground. The inter-electrode distance is 11 mm. The
electrode tips were sharpened to locally increase the electric field, and the radius of curvature is approximately 250 pum.
The capacitance of the cables and electrodes is 13.6 pF. The set of brass nozzles were sprayed with a dielectric varnish and
electrically insulated, using 1/4" rubber supports, so as to eliminate the formation of plasma between the anode and the
burner’s surface. A stabilized flame (P = 272 W) could then be lit downstream of the plasma, depending on the explored
flow condition (cold flow or downstream flame). The burner assembly allows for a stagnation flame to be located in the
velocity field where the laminar flame speed equals that of the unburned CHy-air mixture. Therefore, a change in the

flame’s position, in a spatially varying velocity field, may imply a change in the flame’s speed and, therefore, its reactivity.
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FIG. 1. Schematic of the stagnation-plate burner apparatus and the gas discharge configuration (side view of burner).

B. Electrical Diagnostics & Time-Resolved ICCD Imaging

Figure 2 shows a schematic of the apparatus used for time-resolved imaging and electrical diagnostics. The output
of the pulse generator was measured and monitored with a high-voltage probe (Tektronix, P6015A, 3 pF, 100 MQ). The
discharge current was measured with a Rogowski coil (Pearson Electronics, Model 110A, 10 A/V). All electrical
measurements were recorded with a digital oscilloscope (Tektronix, TDS-3054B), and synchronization of all the
measurements was achieved using the trigger generator (Berkley Nucleonics, BNC 565). This trigger generator also acts as
a master clock for the ICCD imaging scheme, where it activates the pulse generator, triggers the oscilloscope, and triggers
the camera (Cooke Corporation, PCO, DICAM-PRO). The camera is equipped with an aspherical lens assembly (Tamron,
AF28-300mm XRDi), and the spatial resolution of the recorded images is 17.23 pixels/mm. Since the emission spectrum of
the discharge is primarily composed of the second positive system of nitrogen (detailed in Section III.C), no additional
optical filters were used. The computer controls the exposure, delay and number of accumulations of the ICCD camera.
The camera gate is read out to the oscilloscope along with the voltage and current of the discharge. Each image is
comprised of a series of on-CCD accumulations prior to being read out. The exposure time, f.y,, of the camera for imaging

the plasma emission, and the flame, is 10 ns, and 1 ps, respectively. The number of on-CCD accumulations was 300.
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FIG. 2. Schematic of the apparatus used for electrical diagnostics and time-resolved ICCD imaging (top view of burner).

C. Optical Emission Spectroscopy

Figure 3 shows the experimental apparatus used for optical emission spectroscopy (OES). The light produced by the
discharge is collected with a set of lenses and filters in order to properly collimate and collect the light prior to focusing on
the spectrometer’s entrance slit. First, the light passes through an iris, which reduces the solid angle of collection. Then it is
collected by the first lens (f= 150 mm), passes through a high-pass filter (1 > 280 nm) and is collected by the second lens
(f=200 mm). The filter is placed between the two lenses in order to avoid second-order reflections that might occur from
higher energy molecular bands present at lower wavelengths. The light is collected by an optical fiber (200 pm bundle) and
sent to the spectrometer (Acton, SP2300i, £ = 30 cm) equipped with a CCD camera (Princeton Instruments, PIXIS 256,
1024 x 256 pixels). The imaged spot size has a diameter of 150 um, resulting in an overall 4/3 magnification factor. The

spectral resolution achieved with this collection apparatus is A4 = 0.07 nm. The optics rail is mounted on a micrometric
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displacement stage, allowing for displacement across the inter-electrode gap in the x-direction, from the tip of the anode to
the tip of the cathode. The spectrometer wavelength was calibrated with a Hg-Ar spectral calibration lamp (Oriel
Instruments, Model 6035), and in intensity with a halogen lamp (Ocean Optics, DH-2000). For all spectra acquired, the
background radiation was recorded for the same exposure time and number of accumulations, and subtracted prior to
making calibration corrections. The exposure time of the CCD array was set to 500 ms. The instrumental function of the

spectrometer was obtained using a He-Ne laser.
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FIG. 3. Schematic of the apparatus used for optical emission spectroscopy (top view of burner).

lll. RESULTS & DISCUSSION

A. Electrical Diagnostics

Figure 4 (left) shows the excitation voltage waveform used to produce the diffuse plasma. The peak voltage is
11 kV and the duration is 300 ns FWHM. Accounting for the radius of curvature of the pin electrodes,” the highest value

of the Laplacian electric field at the tip of the anode is 10 MV/m, yielding a reduced electric field of approximately 4-10™"°
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V cm?® (400 Td). At approximately a millimeter from the anode tip, E/N decreases rapidly and remains in the 40-100 Td
range, which is close to that required to obtain significant fractional energy deposition into vibrational modes and
electronic states of N in atmospheric pressure air.”® The inset of Figure 4 (left) shows a digital photograph of the diffuse
CHjy-air plasma in the cold flow. The plasma is visually free of constricted filaments, and the current probe detects no high-
current discharges. Figure 4 (center) shows the measured current at 2 kHz, and the conduction current at 2 and 10 kHz in
the cold flow. The peak value of the conduction current monotonically decreases with increasing v (~ 145 mA at 2 kHz,
and ~ 70 mA at 10 kHz). Additionally, the peak conduction current value is attained faster with increasing v. This is
supported by the findings of the ICCD imaging results, where the streamer travels faster with increasing v. The inset of
Figure 4 (right) shows the change in the flame’s position upon application of the discharge for various pulse repetition
frequencies (v = 2, 4, 6 kHz). As v is increased, the flame is progressively pulled down toward the diffuse plasma. Even
though the pin electrodes are positioned as accurately as possible in the center of the inner nozzle’s internal diameter, the
shape of the flame is somewhat distorted. The energy per pulse of the discharge, Epuse, is calculated by multiplying the
synchronized voltage and conduction current waveforms, and then integrating them. Figure 4 (right) shows Eyy. as a
function of v in both the cold flow and for the downstream flame. The energy per pulse decreases with increasing v until a
spark discharge is produced. This decrease with v can be attributed to the increase in propagation speed of the primary
streamer, as illustrated in the streak plots of Section I1I.B, whereby the secondary streamer becomes a distinct event and no
longer contributes to the conduction current. A further decrease in Eyys With a flame can be attributed to lower A, due to
some gas heating, since the energy loading per molecule is thought to be constant for diffuse nanosecond discharges.”’ It
should be acknowledged that the measured decrease in coupled energy is specific to the pulse generator used, since the
output pulse produces both primary and secondary streamers. If a shorter duration high-voltage pulse, producing only
primary streamers, was used to produce the gas discharge, the decrease in coupled energy may not be observed.
Additionally, current leakage through the flame may occur, but cannot be explicitly confirmed. The diffuse plasma exists
for different frequency limits in the cold flow (2 to 10 kHz) and the downstream flame (1 to 7 kHz). Diffuse plasma is
produced by applying repetitive high-voltage pulses, for a given v, until v exceeds the value required to produce a high-
current spark channel. If a spark is produced, the mixture is ignited by the discharge and the flame becomes thermally
anchored between the electrode pair. The earlier onset of a spark discharge when a flame is present may be explained by
both the change in N as the flame approaches the plasma, and the higher electrical conductivity of the flame,” which can
provide a preferential channel for high-current electrical breakdown. The average power deposited by the diffuse plasma
ranges from 0.4 to 1.1 W in the cold flow, and from 0.3 to 0.7 W for the downstream flame; corresponding to 0.11-0.25 %

of the flame’s thermal power. The peak instantaneous power varies from 1.7 to 0.7 kW in the cold flow (2 to 10 kHz), and
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from 2.1 to 0.9 kW in the downstream flame (1 to 7 kHz). Assuming that all the energy provided by the discharge is used
to heat the mixture in the zone affected by the discharge, and not excite the gas, the temperature increase of the entire
reactant flow is at most 21.4 K in the cold flow and 11.1 K in the case of a downstream flame. As will be discussed later

on, such a temperature increase of the reactants is negligible with respect to the observed increase in the flame speed.
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FIG. 4. Voltage waveform with digital photograph showing the diffuse discharge (left), the measured current at 2 kHz and conduction
current waveforms at 2 and 10 kHz (center), and the energy coupled per pulse of the discharge with digital photographs showing the
effect on a flame (right).

B. ICCD Imaging — Plasma Volume Expansion

It has been suggested that the glow-to-spark transition for high-voltage repetitively pulsed discharges at
atmospheric pressure is controlled by the thermal ionization instability.”” To further confirm this and explain the upper-
frequency limits of the diffuse plasma domain observed in the previous section, time-resolved ICCD imaging was used to
measure and characterize the propagation and expansion of the plasma in both the cold flow and downstream flame cases.
Figure 5 shows streak plots of the plasma emission along the inter-electrode gap (x-axis) for increasing values of v (2, 6,
10 kHz) in the cold flow. For plasma propagation dynamics a new time stamp, f, is used as the time from streamer
inception rather than 7, the reference of the trigger generator. These plots provide an overview on the type of discharge that
is produced by the voltage pulse, for increasing v. The discharge consists of a primary streamer, a secondary streamer, and
confined emission events at the anode. The primary streamer is a wave, with a strong value of E/N in its head, that
propagates from anode to cathode, producing the vast majority of the reactive species.”” The secondary streamer produces
emission, but propagates a limited distance from the anode (~ 2 mm), and is produced due to a persisting electric field
following the primary streamer. The confined emission events are due to artifacts of the high-voltage pulse generator,

which cause negligible production of excited species in the vicinity of the anode. Figure 5 shows that as v increases the
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primary streamer propagates with an increased velocity and the secondary streamer then becomes a distinct and separate

event.
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FIG. 5. Streak plots of the discharge illustrating the change in the propagation of the streamer at 2 kHz (left), 6 kHz (center), and 10 kHz
(right).

Figure 6 shows ICCD images of the primary streamer propagating across the inter-electrode gap in the cold flow
at a pulse repetition frequency of v = 2 kHz. The position of the ionization front is numerically extracted, and identified on
the images by the red pixels. The extent of the ionization front, along both the x-axis, ¥, and the z-axis, £, are labeled and

identified by the green and yellow pixels, respectively.

FIG. 6. ICCD images illustrating the position of the ionization front (red pixels) along the x-axis (green pixels), and along the z-axis
(yellow pixels), in the cold flow at v =2 kHz.

Figure 7 (a, b) shows y for the same values of # as in Figure 6, as a function of v, for the case of the cold flow, and
the downstream flame, respectively. As v is increased, the ionization front travels an increasingly longer distance at a given
time. This may be attributed to the accumulated species or heating from one discharge pulse to the next. Additionally, the
ionization front propagates an increased distance, for the same value of v, with a downstream flame. This may be attributed
to ionization and excitation processes that occur in a larger volume of gas, on average, while the voltage at the anode still
increases in time. During this increase, the local E/N in the streamer head surpasses the ionization or excitation threshold

further from the anode. It should be noted that the volumetric aspect of the discharges is due to the sharpness of the
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electrode tip, whereby the streamer may not necessarily start in the direction of shortest distance from anode to cathode
(i.e. the anode tip). For the earlier times (¢, = 20, 40 ns), the ionization front has travelled a noticeably larger distance with
increased v, a phenomenon which may be attributed to the memory effects of the discharge channel®® and localized gas
heating at the tip of the cathode, shown in the following section. For the later times (¢, = 60, 80 ns), the difference in
travelled distance is less pronounced, as the ionization front has crossed the inter-electrode gap and has been halted by the
cathode. The increase in y, in the early discharge times, with the presence of a downstream flame explains the occurrence
of spark transition at a lower frequency compared to the cold flow. It should be noted that the ionization front propagates
further than the position of the cathode, as it expands in an ellipsoidal manner along both the x and z-axes. Figure 7 (c, d)
shows ¢ for the same times as in Figure 7 (a, b), as a function of v, for the case of the cold flow and the downstream flame.
The ionization front propagates further downstream when a flame is present, due to the significantly lower number density
caused by the temperature rise in the flame preheat zone. This observation shows that, with increasing v, excited species
are transported further downstream and can be delivered to the flame front. Furthermore, the size of the plasma discharge
zone produced during the propagation of the primary streamer changes with frequency and the presence of a downstream

flame.

10
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FIG. 7. y and { for the various time stamps as a function of v for the cold flow (a, ¢) and the downstream flame (b, d).

Since the volume of the primary streamer plasma discharge zone increases with v and the presence of a flame, so
does the residence time (7) of the CH,4 and air molecules in the plasma discharge zone. Figure 8 (left) shows 7 as a function
of v. The residence time for the cold flow increases from 18 to 25 ms (2-10 kHz), and for the downstream flame from 25 to
33 ms (1-7 kHz). The change in 7 represents a significant difference in the number of pulses that are coupled to the gas
molecules. Figure 8 (right) shows the number of pulses coupled to the gas during time 7 as a function of v. The number of
pulses coupled to the gas ranges from 36 to 250 (2-10 kHz) in the cold flow, and of 25 to 235 pulses (1-7 kHz) for the
downstream flame. Extrapolating the number of coupled pulses (,) to the spark transition frequency using a Hermitian

polynomial, this number of pulses reaches 270 + 3 in both cases. Since the energy per pulse prior to spark formation is

11
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almost identical for both flow conditions (Eyuse ~ 100 pJ), the energy loading of the gas volume appears to control the
spark transition frequency value. These data provide additional confirmation to the theory proposed by previous work,”
and explains the lower spark transition frequency triggered by the presence of a flame, whereby the earlier onset of the

thermal ionization instability is caused by a larger plasma zone and a resulting increase in 7.
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FIG. 8. Residence time of the gas in the plasma discharge zone (left), and the number of pulses coupled to the gas volume during the
residence time. The black-shaded markers represent N, extrapolated to the spark transition frequency.

C. Optical Emission Spectroscopy

Plasma can enhance the combustion process through chemical and thermal routes. In this section, the rotational
temperature and the vibrational population of the No(C’IT,) state are measured along the inter-electrode gap for all values
of v, and for both flow conditions. For atmospheric pressure non-equilibrium plasmas, due to short rotational-translational
relaxation times (2-3 ns), Ty is a good indicator of the bulk mixture temperature,'’ and the vibrational populations are good
indicators of the level of disequilibrium and chemical reactivity. The emission of fuel-lean hydrocarbon-air diffuse plasma
is dominated by the second positive system of nitrogen [N,(CIT, - B3Hg)]. Figure 9 (left) shows a sample spectra collected
at the tip of the cathode in the cold flow (x = 0 mm, v = 10 kHz). The spectrometer is positioned to capture several
vibrational bands of the second positive system of nitrogen [NZ(C31'[u - B3Hg), Av =1, 2, 3]. The first negative system of
nitrogen [N,'(B°X,” - X’Z,"), Av = 0] can also be seen here. As time-averaged emission spectroscopy is used, the

populating and depopulating mechanisms of this transient discharge are captured in these measurements. Since vibrational-
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translational energy exchange is relatively slow at atmospheric pressure, the measured vibrational levels of the N,(C’I1,)
state do not follow a Boltzmann distribution. Figure 9 (right) shows a plot of the relative intensity of vibrational band heads
with respect to the first vibrational level of that series (v = 0) as a function of a Boltzmann vibrational temperature. As an
example, the solid red line in Figure 9 (right) plots the simulated ratio of vibrational band head (1-3) to (0-2) of the Av =2
series as a function of the vibrational temperature. The dot placed upon this line represents the experimentally measured
ratio, which is close to 3400 K. Here, the lower lying vibrational levels become more highly populated than the higher
ones. As all the experimental dots do not line up along a single value of 7., a vibrational temperature cannot explicitly be
characterized by a Boltzmann distribution. The experimental spectra must be described by the vibrational distribution (f,,)

rather than the Boltzmann fraction.

« It is deposited under the terms of the CC BY-NC, which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work i
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FIG. 9. Sample of the emission spectrum recorded (v = 10 kHz, x = 0 mm) in the case of the cold flow.

Equation (2) is used to simulate and fit the relative intensity of the ro-vibrational bands of the N,(C’I1, - B3Hg)

system in the experimental spectra.

sim

Ly (W) =g (RL) S0 exp| —2- [, (-1, @

rot

In (2), qvv,, and Re:,, are the Franck-Condon factors and the electric dipole moments,”’ S AJ are the Honl-

AT

London factors,32 v the wavenumber of the transition, and &, is the energy of the emitting rotational level. £, and T, are

13
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the vibrational distribution and rotational temperature. @ _. is the spectrometer’s instrumental function, which convolves

slit
the theoretical lines and their individual intensities. No other source of line broadening is considered as the instrumental
broadening is the largest.

Individual vibrational bands are fitted through the Nelder-Mead simplex algorithm to extract a mean value of Ty.
Fig. 10 (left) shows the result of fitting the rotational structure of six vibrational bands for the conditions of Figure 9. These
vibrational bands were selected due to their high signal-to-noise ratio. The resulting mean rotational temperature for this
spectrum is 413 K. Figure 10 (right) shows the result of fitting the relative vibrational distribution for each system
[N,(C'IT, - B3Hg), Av =1, 2, 3]. The markers represent the fitted experimental vibrational population of all systems, and
the curves are the Boltzmann vibrational temperature that would be associated if a vibrational temperature could be
assigned. The vibrational population factors monotonically decrease from 3578 to 2875 K, illustrating the vibrational

depopulating mechanisms where higher vibrational levels decay faster.”
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FIG. 10. Fitted individual vibrational branches to extract the rotational temperature (x = 0 mm, v = 10 kHz).

Given the visual limitation of plotting the vibrational distribution as a function of x and v, the relative population
fraction of the second vibrational level (i.e. fi/fy) will be used as the quantity illustrating the trend in vibrational
populations. Figure 12 (a, b) shows the rotational temperature as a function of x and v, for the cold flow and downstream
flame, respectively. In both cases, Ty, increases near the anode along the x-axis (~ 5 K/kHz) and increases with v, but
remains constant around 340-360 K in the remainder of the discharge gap. The translational temperature of the gas remains
relatively constant in the zone of flame stabilization with increased v. Figure 12 (c, d) shows the fi/fo factor as a function of
x and v. Vibrational population factor fi/fy increases from anode to cathode as measured in previous work,** and the

increase appears to be more pronounced as the pulse repetition frequency increases. Vibrational factors in the range of
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0.51, corresponding to a Ty;, = 4000 K, are reached at v = 10 kHz in the cold flow and near the cathode. The increase of
fi/fo with both x and v occurs due to the significant high-voltage drop related to the cathode sheath located near its
surface.” From the inset of Figure 4 and the ICCD images of the flame, it can be seen that the flame stabilizes near the
cathode (x = 11 mm), in the zone of highest vibrational excitation, as opposed to the zone of highest translational

temperature increase near the anode (x = 0 mm).
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FIG. 11. Rotational temperature distribution in the anode-cathode gap (anode at x = 0 mm) for several pulse frequencies for the cold flow
(a) and downstream-flame (b). Relative vibrational distribution factor fi/f; for the cold flow (c), and downstream flame (d).

It should be noted that the increase in rotational temperature is localized at the tip of the anode, and along the inter-

electrode gap. An increase in this quantity may be related to the production of Oz(alAg) particles,”” which may slightly
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increase the flame speed. Flame speed simulations on Cantera using the mechanism of Li ef al.*® show that if the entire
flow were to be heated by 60 K (the baseline increase in T} in the stabilization zone), the flame speed would increase from
0.13 to 0.18 m/s. The most important observation related to these spectroscopic measurements is that no significant
increase in the rotational temperature of the N,(C’I1,) state takes place as a function of frequency, in the flame stabilization
zone. The location of the stabilized flame is a good indicator of the role that the diffuse plasma may play in activating and
actuating a flame at atmospheric pressure. This data present supporting evidence for the prediction of increased global
reaction rates and moderately unaffected thermal diffusivity provided by vibrationally-excited species, which lead to a

local increase in the flame speed S.3¢

D. ICCD Imaging — Flame Displacement

To investigate the response of a flame to a high-voltage pulse, the exposure time of the ICCD camera is increased
(fexp = 1 ps), and the delay is incrementally shifted until the next high-voltage pulse is applied in the series. Once the
primary streamer has reached the cathode (¢, ~ 100 ns), the radicals produced in its head, and all subsequent phases of the
discharge, are directly delivered to the flame front. Figure 12 shows the complete time-integrated discharge event (0 < ¢ <
1 us) that couples the reactive species to the flame front for all values of v, in the steady state regime. The non-activated
flame (v = 0 kHz) is located in the varying velocity field, where the flame speed matches that of the unburned CHy-air
mixture.”” The images at lower v are brighter, as all images have the same number of on-CCD accumulations, and because
Epuse increases with decreasing frequency (section III. A.). Here, the emission from the plasma is directly coupled to the
flame front, making use of the reactive species that are short-lived at atmospheric pressure. The leading edge of the flame
(&y) is defined as the most upstream location of the flame, with respect to the flow field. As v increases, the increased
emission in the leading edge of the flame is more visible and the leading edge is progressively pulled closer toward the
plasma discharge zone. The progression of the flame displacement produces an intimate coupling of the diffuse low-

temperature plasma to the combustion zone.
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FIG. 12. ICCD images of the entire discharge event (.o, = 1 us) coupled to the flame (¢ = 0 ps) for various frequencies.

Following the discharge event illustrated in Figure 12, images of the flame are acquired and the location of the
leading edge of the flame, {, is tracked as a function of time. Figure 13 shows results of the leading edge extraction
algorithm at various times (¢ = 1, 50, 150 pus) following a high-voltage pulse (v = 3 kHz). The red pixels represent the
outline of the entire flame while the green pixels show the position of the leading edge of the flame. After the discharge
event has passed, the short-lived UV emission disappears and (; is located near the radical pool. The flame subsequently
relaxes back to a certain position until the next plasma-generating pulse is applied, where {; is once again pulled toward the

radical pool and the cycle repeats itself.

£=50 pis t=150 us

FIG. 13. ICCD images of the flame (7., = 1 ps) following a high-voltage pulse (v = 3 kHz). The red pixels show the flame envelope and
the green pixels the leading edge of the flame .
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Figure 14 shows the summary of the position of {, following a high-voltage pulse, as a function of time, for all
values of v. The value of {; is adjustable and controllable with the imposed value of v. Without plasma activation (v = 0
kHz), {; is located at the reference position (29 mm). When the discharge is operated a low v (1 to 2 kHz), {; is
significantly displaced upstream (28, 24.5 mm). Pronounced dynamics are observed by further increasing v (3 kHz), as
partially illustrated in Figure 13. First, {; is located near the radical pool (22 mm), and attempts to relax back to a position
of equilibrium in the flow field (26 mm), prior to the application of the next high-voltage pulse. At this frequency (3 kHz),
the flame appears to be oscillating in some kind of intermediate transition zone. The cause of this oscillation is repeatedly
measured and still unknown. Future work will address this, specifically focusing on the range of frequencies for which
these dynamics are observed. As v further increases (5 to 7 kHz), the flame is displaced further upstream into the unburned

mixture, but with a diminished shift in the location of {; with v, when compared to lower pulse repetition frequencies (1 to

4 kHz).
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FIG. 14. Flame-root location as a function of time, for all values of v (left), and sample ICCD images of the flame for selected
frequencies (v = 2, 4, 6 kHz), at two times (¢ = 10, 100 ps) following a discharge pulse (right).

Since little-to-no increase in the rotational temperature was observed as a function of v in the flame stabilization

zone, this might suggest that the upstream velocity profile could be unaffected by a thermal mechanism. On the other hand,
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strong hydrodynamic contributions of the discharge have been observed following a high-current nanosecond-duration
spark (~ 10 ns),”® yielding a toroid-like pressure wave.” Since the discharge produced here is not a spark filament, and the
energy is deposited over a significantly longer period of time (~ 300 ns), hydrodynamic contributions may not be major
contributors to flow field distortions. Therefore, if flow perturbations induced by the discharge appear to be relatively
weak, a shift in the position of the leading edge of the flame indicates strong evidence for the increase in the reactivity of
the flame through the addition of a low-temperature radical pool. This would imply an increase in the oxidation rates of
hydrocarbons through the addition of minute quantities of atomic and metastable oxygen, or fragmented fuel molecules.
These results show strong evidence of chemical activation and actuation of a flame’s dynamics, at atmospheric pressure, by
diffuse non-equilibrium plasma. In future work, Schielren imaging should be used to investigate the hydrodynamic

perturbation provided by a repetitively-pulsed diffuse discharge to this flow field.

IV. Conclusion

Diffuse non-equilibrium plasma was used to activate a lean-premixed CHy-air stagnation flame. ICCD imaging
and electrical diagnostics were used to explore and explain the limits of diffuse plasma for the case of the cold flow and
downstream flame. The energy deposited per pulse of the discharge decreased monotonically with v, and reached
approximately 100 pJ prior to spark channel formation, for both the cold flow and downstream flame. ICCD imaging
revealed that the primary streamer travelled faster, and expanded further downstream, with increased v and with the
presence of a downstream flame. This explained the decrease in the upper frequency limit of the diffuse regime brought on
by the thermal ionization instability resulting from the direct coupling of the flame pre-heat zone to the discharge. OES
measurements showed that the rotational temperature of the N,(C’IT,) state slightly increases with v near the anode surface,
but remains relatively constant throughout the discharge gap and in the flame stabilization zone (7, = 340-360 K). OES
measurements also revealed that relatively high non-equilibrium vibrational populations, which are a good indicator of
increased chemical reactivity, are produced near the cathode where the flame stabilizes. ICCD imaging of the flame shows
that the leading edge of the flame can be displaced upon controlling v. These results provide evidence that low-temperature

diffuse plasma can be used to chemically activate and control a stabilized CHs-air flame at atmospheric pressure.
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