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Effect of Airflows on Repetitive Nanosecond Volume Discharges*
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Abstract Atmospheric pressure discharges excited by repetitive nanosecond pulses have at-
tracted significant attention for various applications. In this paper, a plate-plate discharge with
airflows is excited by a repetitive nanosecond pulse generator. Under different experiment con-
ditions, the applied voltages, discharge currents, and discharge images are recorded. The plasma
images presented here indicate that the volume discharge modes vary with airflow speeds, and a
diffuse and homogeneous volume discharge occurs at the speed of more than 35 m/s. The role of
airflows provides different effects on the 2-stage pulse discharges. The 1st pulse currents nearly
maintain consistency for different airflow speeds. However, the 2nd pulse current has a change
trend of first decreasing and then rapidly increasing, and the value difference for 2nd pulse cur-
rents is about 20 A under different airflows. In addition, the experimental results are discussed
according to the electrical parameters and discharge images.
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1 Introduction

In recent years, repetitively pulsed power technology
has undergone a significant development with the im-
provement of switch and energy-storage technology, and
the atmospheric pressure plasmas generated by repet-
itive nanosecond discharges have received considerable
attention for their wide industrial applications such
as waste gas (water) treatment, pollution control and
synthesis of nanostructure material J. Among these
plasma applications, a large volume discharge in at-
mospheric pressure is currently one of the most widely
proposed methods. The key to an optimal application
performance lies in how to generate stable and diffuse
plasma in atmospheric pressure especially in a large
volume. Therefore, experimental and theoretical stud-
ies of the volume discharge characteristic are required
for the various applications of very fast rise time and
short-duration electric fields with an order of nanosec-
ond pulses.

In a stationary condition, a volume glow discharge
with no filaments has be created in air 23!, which was
not stable and likely to undergo a transition from glow
to filamentary or spark mode. The volume discharge
was mainly attributed to an appearance of kilovolt en-

ergy fast electrons, and the fast electrons provided ef-
fective pre-ionization for the resulted formation of a
volume discharge ¥). The modes of volume discharge
strongly depended on applied pulse rise time and dis-
charge dynamics ?!.  Shortening the pulse duration
or modifying the electrode geometry was an efficient
method to control the mode transition from glow to
spark state (35,

In order to generate stable and diffuse plasma, air-
flows have been introduced to atmospheric pressure dis-
charges [6=11 as well as investigating the potential per-
formance of plasma-assisted flow control 1213, Luo H
Y investigated the effects of gas flows on helium DBD
discharges, and provided that the helium flow induced
an increase in the density of helium metastables after
discharge and thus an enhanced contribution of these
metastables to the next breakdown of the helium gap
at a lower voltage [°l. Dong L F and Ren C S separately
demonstrated airflow effects on the mode DBD dis-
charge with a sinusoidal excitation 78/, Pang L studied
the effects of low-speed airflow on the surface discharge
plasma characteristics by a repetitive nanosecond pulse
excitation, and demonstrated a repetitive nanosecond
surface discharge in airflow conditions ). Pavon S in-
vestigated the interaction between high-speed gas flows
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and surface DBD discharges ['°). Our previous works
provide a repetitive nanosecond volume diffuse dis-
charge under airflows, and demonstrate the change of
discharge currents imposed by airflows [11].

In order to get a better understanding of the air-
flow effects on volume discharge characteristics, this
paper presents our study of repetitive nanosecond vol-
ume discharge behaviors in high-speed airflows. The
applied voltage, discharge current, and discharge image
are obtained and used to study the effects of airflows on
the volume discharges. Then, discharge characteristics
are discussed according to the electrical parameters and
discharge images.

2 Experimental setup

The experimental system is shown in Fig. 1, which
includes a subsonic air wind tunnel, a nanosecond pulse
generator, discharge systems, and measurement sys-
tems. By changing the air pressure provided for the
wind tunnel, the airflow speed at the end of the wind
tunnel can be adjusted with a maximum value of up
to 250 m/s. A pilot tube is used to measure the air-
flow speeds. The plate-plate electrodes separated by
a 6 mm vertical distance are set in a horizontal and
parallel manner. The two electrodes are composed of
stainless steel plates with the size of 40 mmx100 mm
and a thickness of 2 mm. The electrode edges are fully
polished in order to avoid the point discharge occur-
ring at the electrode edges. The two dielectrics are
made of mica with a permittivity e, = 6 and a thick-
ness of 1 mm. The discharge system is installed at the
downstream of the wind tunnel exit, and with the flow
direction perpendicular to the electrode surface.
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Fig.1 Schematic of experimental setup

Both the applied voltage and the discharge current
are the important parameters determining the electrical
characteristics. The measurement arrangement is also
shown in Fig. 1. Similar to the measurement described
in works 14 wide bandwidth probes are required to
monitor the electrical properties of nanosecond pulse
discharges. A capacitive voltage divider is connected
to the high-voltage output as the voltage probe, and
the voltage ratio of this probe is about 2200. Simul-
taneously, the total discharge current (including the
current across the plate-plate gap to ground) is also
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measured by a Pearson 6585 Rogowski coil with a re-
sponse time of less than 1 ns. The voltage signal is
relatively stable, and is set as the reference signal to
trigger the oscilloscope in experiments. The applied
nanosecond voltage pulses have an adjustable ampli-
tude, a fixed pulse width of 10 ns and a fixed rise time
of 5 ns, corresponding to the frequency ranging from
10 Hz to 3800 Hz, respectively. The typical luminous
images are obtained from the side view, and with the
direction perpendicular to the flow speed.

3 Experimental results

3.1 Discharge characteristics under air-
flows

With an applied pulse voltage of 19 kV, and a pulse
repetitive frequency of 1800 Hz (PRF= 1800 Hz), the
applied voltage and current waveforms under different
airflows are shown in Fig. 2. It is provided that the
plate-plate DBD discharge is characterized by a series
of 2-stage pulse currents. The discharge current dis-
tributes irregularly, which can be attributed to the ran-
dom nature of breakdown and complicated dynamics in
the air gap. It can be drawn that the 1st pulse current
is more slightly influenced than that of the 2nd pulse.
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Fig.2 Applied voltage and discharge current waveforms
under airflows

There are some discharge modes determined by many
factors, and a homogeneous discharge can be obtained
with a fast pulsed excitation under some special condi-
tions 1516 In order to focus on the airflow influences
on the discharge characteristics, several airflow speeds
are selected at a given pulsed excitation. The applied
voltage has an amplitude of 20 kV, a rise time of 5 ns, a
pulse width of 10 ns and a pulse repetitive frequency of
1800 Hz, respectively. The typical luminous discharge
images under airflows are obtained, as shown in Fig. 3.

In the quiescent air (i.e., the flow velocity is 0 m/s),
a multichannel and inhomogeneous violet discharge is
present in the discharge volume. The discharge fila-
ments are straight, and the filament feet are randomly
and extensively distributed on the dielectric surface,
as shown in Fig. 3(a). Increasing the flow velocity to
10 m/s, the number of the bright filaments is slightly
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reduced, but the change of glow component cannot be
clearly observed, as shown in Fig. 3(b). When the flow
velocity varies from 10 m/s to 20 m/s, the filament
number is gradually reduced, and the change of dis-
charge luminance and distribution is relatively little.
When the airflow with a speed of 35 m/s is introduced
into the volume discharge, as shown in Fig. 3(c), inter-
estingly, a diffuse discharge in a large volume is pro-
moted. The unsteady nature of the filamentary part of
the discharge cannot be easily observed with the naked
eye in the discharge volume. The diffuse and homo-
geneous discharge mostly occurs at the middle region,
and filament discharge occurs mainly at the inlet re-
gion and partly at the exit region of the channel. The
filament channels on the two sides may be connected
to the electric field concentration occurring at the elec-
trode edges. With the increasing of airflow speeds, the
volume discharge modes vary from filament to diffuse
modes. Further improving the airflow speed to 50 m/s,
as shown in Fig. 3(d), a diffuse discharge also occurs at
the middle discharge region, as well as with a reduction
of luminous intensity.

(a)
(b)
(c)

(d)

(e)

Fig.3 Discharges at different airflow speeds. (a) Flow
speed v=0m/s, (b) v=10m/s, (¢) v=35m/s, (d)
v=>50 m/s, and (e) v =100 m/s. Exposure time is 1/1250 s

Moreover, several excitation conditions are selected
for the detailed investigation of airflow effects, in which
the applied voltage amplitude is chosen from 10 kV to
30 kV, PRF is selected from 100 Hz to 3800 Hz, and
airflow speed is changed from 0 m/s to 200 m/s, re-
spectively. In a quiescent air or under a low speed, it
presents filament and inhomogeneous violet discharges
in a large volume, as likely shown in Fig. 3(a). At
such airflow speeds, the number of the bright filaments
is slightly increased with only increasing the applied
voltage, as a process of the pinch of several filaments.
However, the change of discharges cannot be clearly
observed with only changing PRFs. With a speed less
than 30 m/s, there are less filaments in the volume,
and the change of discharge luminance is relatively lit-
tle with changing the applied voltages and PRFs. With
the airflow speed increasing higher, for example a speed
of 50 m/s as shown in Fig. 3(d), the relative uniform
discharge in a large volume is promoted. Importantly,
the discharge becomes unstable and almost fades away
at a PRF of less than 220 Hz.
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3.2 Effect of airflows on discharge cur-
rents

As indicated in Fig. 2, there is a series of 2-stage
pulse currents for each one nanosecond pulsed dis-
charge. Even considering the existence of discharge
delays, the 1st pulse currents always occur with the
same breakdown voltage and at the same breakdown
time point. Furthermore, it can be drawn from Fig. 4
that the 1st pulse currents increase first and then re-
duce with airflow speeds. With the flow speed increas-
ing from 0 m/s to 20 m/s, the amplitude of the current
rapidly increases from 33.1 A to 36.3 A at a PRF of
3800 Hz, and then slowly decreases to about 34 A. It
goes across a reverse ‘V’ curve with a turning point at
the flow velocity of 20 m/s. The change of 1st pulse
current values imposed by airflows is 4 A. Importantly,
there are some factors leading to measurement errors in
this work, which mainly include the pressure instability
of air supplied to the wind channel, the measurement
errors of airflow speed with the pilot tube, and the high
frequency noises concerned with nanosecond discharges.
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Fig.4 1st pulse currents under airflows at different PRF's

It is clearly shown in Fig. 5 that the 2nd pulse cur-
rents are influenced by the addition of airflows to the
discharge zone. The 2nd pulse currents almost occur
at the same time point. At a PRF of 1800 Hz, the 2nd
pulse current has a rapid but small change from —34 A
to —32 A with the airflow speed increasing from 0 m/s
to 20 m/s, follows with a rapid and big change from
—32 A to —47 A, and then becomes gradually relatively
stable as the airflow speed is bigger than 80 m/s. It is
mostly concerned that the difference between 2nd pulse
current values is about 20 A for different airflows.

When the nanosecond pulse discharge is operated at
a much lower pulse repetition rate, for example 250 Hz
with a 10 m/s airflow, all individual pulse images show
a filamentary discharge structure such as the pulse pic-
ture shown in Fig. 3(a), which demonstrate random
characteristics of filaments formed by nanosecond pulse
excitation. Decreasing the PRF to a smaller value,
there are no discharges even in the quiescent air condi-
tion. Importantly, the discharge became unstable and
almost faded away at a PRF of less than 220 Hz.
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Fig.5 2nd pulse currents under airflows at different PRFS

4 Discussion

As a nanosecond pulse is applied to a plate-plate gap,
initial electrons are accelerated by the electric field, and
an avalanche process is followed under the electron mul-
tiplication of collision ionization. Fast electrons with
high energy can run away from the head of the critical
avalanche and dominate in the subsequent development
of the critical avalanche. When the head of the critical
avalanche reaches near to the anode, a discharge bridges
is built up between the two dielectrics as well as elec-
trodes, and a discharge current runs through the gap
space, which can be represented as the 1st pulse current.
As the applied nanosecond pulse is gone, more electrons
accumulated in the dielectric surface near the anode,
interact with accumulated positive particles near the
cathode, and built up a strong electric field imposed on
the discharge space. Such space electric field will induce
another avalanche process between the two electrodes,
and the 2nd pulse currents arise in our experiments.

When the airflow is added into the gap space, the
volume discharge modes vary from filament to diffuse
modes, and the induced 2-stage pulse currents are also
influenced. These behaviors may be attributed to the
combined action of two effects. On one hand, the air-
flows breathe more species into the discharge volume
from upstream to downstream, especially the excited
meta-stable state, which causes a decrease in the num-
ber of initial electrons. On the other hand, the airflows
remove accumulated charges on the surface of the di-
electric, which is favorable for the development of dis-
charge.

As the 1st pulse current arises, a bigger voltage pulse
with a 5 ns rise time, as well as a stronger electric field is
being imposed on the electrodes as one discharge driver.
Since the pulse action time is too small, airflows in this
period can be considered as “frozen” and without any
flow mobility. Therefore, the 1st pulse currents nearly
maintain consistency for different airflow speeds. How-
ever, at the 2nd pulse current arising, accumulated par-
ticles near the electrodes induce a space electric field as
another discharge driver. Since this driver always acts
for several milliseconds, airflow mobility must be con-
sidered in this period. As indicated in Fig. 5, the 2nd
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pulse currents for quiescent air are bigger than that of
airflows with speeds of less than 40 m/s. Since airflows
breathe more species, especially under excited meta-
stable states, out of the discharge volume, the loss of
heavy particles under the force of airflows is unfavor-
able for the development of discharge. Under airflows
with a speed of more than 40 m/s, the 2nd pulse cur-
rents are always bigger than those of quiescent air; it
is concerned with the distribution change of accumu-
lated charges on the surface of the dielectrics by the
force of airflows, which is favorable for the development
of discharge. With the speed increasing to more than
80 m/s, the 2nd pulse currents become gradually rela-
tively stable, which seem unaffected by airflows. The
detail effects under such high airflow speeds are very
interested, and also need to be taken into consideration
in future works.

5 Conclusion

The effect of airflows on repetitive nanosecond pulse
discharges with a plate-plate electrode configuration
has been investigated. The results show that the vol-
ume discharge in the gap strongly depends on the air-
flows, and the corresponding images show that the dis-
charge modes vary from filament to diffuse modes with
the addition of airflows. A diffuse and homogeneous
volume discharge occurs at the airflow speed of more
than 35 m/s. Detailed works are carried out to demon-
strate the role of the airflows effects on the 2-stage
pulse currents by nanosecond pulse discharges. The
1st pulse currents nearly maintain consistency for dif-
ferent airflow speeds. However, the 2nd pulse current
has a change trend of first decreasing and then rapidly
increasing, and the value difference for 2nd pulse cur-
rents is about 20 A under different airflows. The pulse
repetitive frequency plays an important role and a pulse
repetitive frequency of more than 220 Hz is needed
to generate astable discharge under airflow conditions.
Further work will be concentrated on the production
and control of a volume discharge in airflows, as well
as on studying the physical mechanism of various dis-
charge modes.
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