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Abstract

Dielectric barrier discharge has widely used in airflow control, ignition and combustion, and
other applications; the influence of airflow on dielectric barrier discharge is of extensive concern.
Previous studies demonstrate that the discharge becomes more uniform and the discharge
intensity decreases with increasing of airflow velocity. In this study, we adopt a discharge cell
construction with upstream and downstream structure and study the discharge states and
intensities. The experimental results demonstrate that within a specific range of airflow speed, the
upstream discharge intensity is decreased, and the downstream discharge intensity is enhanced.
The physical basis for this phenomenon is proposed as follows: Within a pulse interval time,
some particles, such as charged and metastable particles produced by the upstream discharge,
could be transported to the downstream region. The concentration of particles in the downstream
region is increased, and these particles play a pre-ionization role in the downstream discharge,
the intensity of the downstream discharge is enhanced. Further, factors such as the pulse
frequency and the distance between electrodes are discussed in detail, along with the conditions

for enhancing downstream discharge intensity.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Dielectric barrier discharge (DBD) has been considered as a
non-thermal plasma source for many applications, such as
airflow control [1, 2], and ignition and combustion [3, 4], and
the coupling effect between airflow and discharge has been
widely studied. Previous studies have shown that the dis-
charge mode and intensities can be influenced by airflow. For
example, Gherardi et al [5, 6] and Pavon et al [7] illustrate
that transverse and laminar airflow of nitrogen in DBD could
prevent a uniform glow discharge from transitioning to a
filamentary discharge. They propose that gas flow would
change the distribution of particles accumulated on the di-
electric surface, leading to changes in the discharge

1009-0630/18/125402+09$33.00

characteristics. Pang et al [8] Liu et al [9] and Luo et al
[10, 11] study unipolar repetitive nanosecond discharge in
airflows at different velocities. They show that the discharge
behaviors may be ascribed to the combined action of two
different effects; one is the removing effect on the accumu-
lated charge on the surface of the dielectric board, and the
other is the loss of metastable particles under the forced
convection of airflow. Tang er al [12, 13] and Ren et al
[14—17] also discuss the effect of airflow on nanosecond pulse
volume discharge. Their results show that the discharge
becomes more diffuse, the discharge intensity decreases, and
the breakdown voltage and time lag increase. Moreover, the
temperature of the discharge plasma decreases when a small-
velocity airflow is introduced into the discharge gap. These
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Figure 1. Schematic diagram of the experimental setup [12].
Table 1. Airflow velocities at different positions of plate slit.

Location  Speed test 1 ~ Speed test 2  Speed test 3~ Speed test 4  Speed test 5 Average Speed
Point1  11ms™ 10ms™" 11ms™* 9ms ' 9ms ' 10ms™'
Point 2 31ms™! 30ms™! 31ms™! 30ms™! 28ms ! 30ms "
Point 3 51ms™! 49ms™! 50ms ! 51ms™! 49ms™! 50ms”!
Point4  71ms™" 71ms™! 68ms™! 7lms™! 69ms ' 70ms~!
Point 5 9l ms! 9l ms~! 89ms ! 89ms ! 90ms ! 90ms !

phenomena occur because the airflow changes the spatial
distribution of particles in the discharge gap. Li et al [18],
Uchida et al [19] and Liu er al [20], investigate the effects
of flow rate on atmospheric pressure plasma jets. The results
show that the length and uniformity of plasma jets could
be adjusted by the flow rate; the metastable atoms of the
flowing gas are possibly responsible for the plasma discharge.
Darny et al [21], Robert et al [22] and Bradley et al [23]
investigate the influence of gas flow on plasma jet, the results
show that the density of particles could be adjusted by the
airflow condition such as laminar and turbulence, and the
relationship between airflow and pulse interval time would
also influence the characteristic of plasma jets such as length
and reactive species. The results demonstrate that the dis-
charge state of DBD could be influenced by airflow, and the
discharge intensity decreases with increased airflow velocity.
In this study, a type of discharge device with an upstream and
downstream structure is adopted, and the interactions between
airflow and discharge are investigated. The experimental
results show that within a range of airflow speed, the
upstream discharge intensity decreases, and the downstream

discharge intensity is enhanced. The physical basis for this
phenomenon is suggested by analyzing the relationship
between pulse interval time and airflow transport time. The
particles motions are discussed, and the corresponding factors
are also studied.

2. Experimental setups

A discharge device with a two-electrode structure is designed.
Figure 1 shows the schematic diagram and includes a sub-
sonic wind channel, a nanosecond-pulse power source, dis-
charge systems, and measurement systems. By changing the
airflow input pressure, the speed at the end of the wind
channel could be adjusted from 0 to 120ms™~'. The airflow
velocities at different positions of plate slit are also measured
by a pitot tube. Each velocity is measured at five times, and
the average values are shown in table 1, in which the airflow
velocity keeps almost the same in the discharge slits. The
electrodes are composed of stainless steel plates with one size
of 60 mm x 120 mm X 2 mm (covered by Alumina
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ceramics) and two sizes of 30 mm x 30 mm x 1 mm (bare
electrodes). The size of the Alumina ceramics is 80 mm X
180 mm x 1 mm, the gap distance is 5 mm. The discharge
system is installed at the exit of the wind channel with the
flow direction perpendicular to the electrode surface.

The applied nanosecond voltage pulses have an adjus-
table amplitude, a fixed pulse width of 10 ns, and a fixed rise
time of 5 ns; the pulse repetition frequency (PRF) range is
1-3800 Hz. A capacitive voltage divider is connected to the
high-voltage output as the voltage probe, and the ratio is
approximately 2200. The discharge current is measured by
two Pearson 6585 Rogowski coils with a response time of less
than 1 ns. The discharge signals are transmitted by a shielded
cable, and a digital storage oscilloscope (Tektronix 5024)
placed in a shielded room is used to record the discharge
signals.

Typical average luminous images are obtained from the
side view by a Canon EOS 80D camera. Optical phenomena
are recorded by a digital CCD (Synapse Model: 354308)
and analyze by an FHR1000 spectrometer. The sensitive
scope of the spectrometer ranged from 200 to 1000 nm, and
the spectral resolution is 0.01 nm. The optical emission
spectroscopy is schematically described from the Ilateral
position of the discharge device. The discharge emission is
collected by a lens into an optical fiber, and the lens is
accurately located to project the discharge area into the
optical fiber.

According to the discharge device of the upstream and
downstream regions of the flow channel, the upstream and
downstream discharges under airflow include the generation
and transport of particle. The generation of particles is related to
external pulse excitation and the movement of particles could be
influenced by the transport effect of airflow. The pulse interval
time is denoted as ,, the distance between the upstream and
downstream regions is L; (mm), the length of the electrode plate
is L, (mm). When the airflow velocity can pass the length of L,
during the pulse interval time, the particles generated in the
upstream discharge area would enter into the downstream dis-
charge area, and the corresponding velocity can be defined as
Vinin, Where viin = L /tp. And when the airflow movement
distance is L; + 2 X L,, the particles generated in the upstream
discharge area would be blown out of the downstream area, and
the corresponding velocity can be defined as vy, where
Vmax = (L1 + 2 x Ly)/t,. Therefore, for a fixed pulse interval
time #,, when the airflow velocity v is less than vy, the particles
generated by the upstream discharge region would not be
transported to the downstream discharge region, and when the
airflow velocity v is faster than v,,,,, the particles would be out
of the downstream discharge region; in the velocity region of
Vmin < V < Vmax, the particles could be transported from the
upstream region to the downstream discharge region, which
would enhance the downstream discharge intensity. So, in our
experiment, the discharge characteristic under the boundary
velocities are analyzed, and the experimental results are as
follows.

Downstream

Upstream

Figure 2. Discharge images at different velocities: (a) static air,
(b) low speed (v < vipin), (¢) medium speed (Viin < V < Viax), and
(d) high speed (v > viax)-

3. Experimental results

In this study, we are experimentally analyzed the discharge
characteristics of the upstream and downstream regions at
different airflow velocities. Furthermore, different exper-
imental conditions are employed to enhance the discharge
intensity for the understanding of the mechanism.

3.1. Characteristics of upstream and downstream discharges

The PRF is 1 kHz and the distance between upstream and
downstream is L = 10 mm, the maximum and minimum
velocity (Vpmax and vp,) boundaries are 10m s and
70ms ', respectively. The discharge characteristics are stu-
died at different airflow velocities.

The discharge images under different velocities are illu-
strated in figure 2, the exposure time is 1/200s.

As shown in figure 2(a), both the upstream and down-
stream discharge exhibit a filament discharge mode in a static
condition of v =0ms~!. A filamentary mode is exhibited,
which the filamentary are vertical distribution in the discharge
region. As shown in figure 2(b), for the v < v,;, case, more
filament paths are curved along the airflow, and some parts of
the discharge area become uniform in eyes, and this
phenomenon is due to the change in the discharge operation
mode. As shown in figures 2(c) and (d), the transition from
the filamentary mode to the diffuse mode occurs when the
airflow velocities exceed the minimum velocity, in which
nearly the entire discharge area exhibits a uniform state. A
similar phenomenon is reported in [14, 15].

The corresponding current waveform is shown in
figure 3, the first sharp rise of current occurs when the electric
field is strong enough, and some charges are deposited on the
dielectric surface. As more charges are deposited, the electric
field between the upper electrode and the charged surface is
high enough to generate a new discharge on the dielectric,
giving rise to a negative current peak. The phase difference
between the voltage and the current signals is corrected by
measuring the time that the voltage and current signals
transmit in the cable. By using the method introduced in
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Figure 4. Amplitude of discharge current of the upstream and
downstream regions.

[24-27], the displacement current and the conduction current
are measured. It can be seen in figure 3, the amplitude of the
conduction current (about 40—60 A) is much larger than that
of the displacement current (about 3—6 A). Therefore, the
conduction current is dominant in the discharge current.

Figure 4 shows the discharge current amplitudes for a
PRF of 1 kHz under different airflow velocities. The current
amplitude varies in a narrow range (upstream 48—50 A,
downstream 47—49 A) in both the upstream and the down-
stream regions for the v < vy, case. For the condition of
Vmin < V < Vmax, the current amplitude has a decrease of
6.3% (a decrease from 48 to 45 A) in the upstream region, and
the downstream current exhibits an opposite trend (an
increase from 48 to 54 A). The amplitude of the upstream
discharge current keeps decreasing with the airflow velocity
exceeding the vy,x, and the increase rate of the downstream
discharge current tends to be zero.

For the PRF of 1 kHz, the emission spectra are measured
in the upstream and downstream regions. Figure 5 shows the
normalized emission spectra in the NPDBD (nanosecond

pulse dielectric barrier discharge): The intensity of the emis-
sion spectrum in the upstream discharge has a decrease with
the increase of the airflow velocity. It increases in the
downstream discharge when the airflow velocity raises from
Vmin (0 Viax-

The plasma temperature is calculated for further analysis
of the characteristics of the upstream and downstream dis-
charge. According to [15, 24, 25], due to the frequent colli-
sions of the heavy particles and the small energy gap of
rotational levels, the dynamic equilibrium between the rota-
tional motions of N3 and the translational motion of O, and
N, is easily achieved. Therefore, the plasma temperature can
be expressed by the rotational temperature of N3, and the
emission spectra of N, (CZ’Hu — B3Hg) can be used to cal-
culate the rotational temperature by comparing the exper-
imental spectra with the calculated ones [28-30]. By using the
code in [31, 32], the rotational temperature of N, is obtained
by fitting the measured profile of the emission band (near
337.1 nm) with that of a simulated on, and the rotational
temperature in the upstream and downstream discharges
under airflow is shown in figure 6. It is about 380 K for the
static-air condition and decreases to about 320 K for the
condition of 80 ms ™' airflow velocity. While the gas temp-
erature is substantially the same in the upstream and down-
stream regions, it is speculated that the gas temperature is not
the key factor that determines the discharge intensity in the
upstream or the downstream regions.

In summary, the mass transfer effect in the system plays a
critical role in both the upstream and the downstream dis-
charges at reasonable airflow velocities. The particles gener-
ated in the upstream discharge could be transported to the
downstream discharge region, and the discharge is enhanced
by the combined effect of flow transport and the pre-ioniz-
ation of particles.

To further understand the mechanism of the downstream
discharge, the relationship between the PRF and the distance
between the upstream and downstream regions are explored
in detail.

3.2. Experimental results under different pulse frequencies

The PRFs are adjusted to f = 2 kHz and 200 Hz, respectively.
As shown in figure 7, for the 2 kHz pulse frequency, the
minimum and maximum velocity boundary are 20ms ™' and
140m s~ ", respectively. Since less particles in the discharge
can complete the diffusion and recombination process within
the pulse interval time, the discharge intensity is increased as
compared with the f= 1 kHz case. For the v < v, case
shown in figure 7, the current amplitudes of the upstream
discharge slightly decrease from 55 to 53 A, while the
downstream discharge has an increase from 51 to 53 A. The
current amplitudes in the upstream discharge decrease gra-
dually from 54 to 48 A at the medium speeds. That of the
upstream discharge increase from 52 to 59 A. The f = 200 Hz
provides an interval time of 7, = 5 ms, the velocity bound-
aries are Vi, = 2ms ! and Vmax = 14 ms’, respectively.
The low PRF facilitates the diffusion and recombination
process for the particle in the space, which reduces the
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3.3. Experimental results under different distances between
the upstream and downstream regions

amplitude decreases from 46 and 43 A to 38 and 37 A for the
upstream and downstream discharges when the airflow The discharge is studied at distances (from the upstream to
velocity in excess of the maximum velocity.

downstream regions) of L; =20 mm and L; = 50 mm,
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respectively. The experimental results for f= 1 kHz are
shown in figure 8. For L; = 20 mm, the velocity boundary is
Vinin = 20ms~' and Viax = 80ms '. for v < Vmin,» the
charged particles generated by the upstream discharge could
not be transited to the downstream discharge region, the
amplitude of the upstream discharge current would be
decreased from 49 to 46 A, and the amplitude of the down-
stream discharge current fluctuates between 48 and 49 A.
Particles generated in the upstream discharge region are car-
ried to the downstream discharge region at medium velocities,
which decreases the peak value of the upstream discharge
current from 46 to 43 A and the current amplitude in the
downstream discharge increases to 53 A correspondingly. A
gas velocity of 50 m s~ is reached when the distance between
the electrodes is increased to 50 mm. The particles generated
in the upstream discharge region could be transported to the
downstream discharge region at such a high gas velocity. The
peak value of the upstream discharge current would be
decayed gradually from 51 to 44 A, and the downstream

discharge current amplitude enhance slightly, the corresp-
onding result as shown in figure 8(b).

4. Discussion

In this study, a discharge cell construction with upstream and
downstream structure is designed. By matching the transport
effect of airflow and the pre-ionization of particles, some of
the particles generated by the upstream discharge could be
transported to the downstream region, and those particles play
a pre-ionization role in the downstream discharge, which
causes the enhancement of the downstream discharge inten-
sity. For the purpose of further recognizing the relationship
between upstream and downstream discharge under airflow,
the behavior of the particles is analyzed.

According to the process of pulse discharge, the electrons
move to the anode under the effect of pulse voltage, and the
ions remain nearly static in the time scale of nanoseconds; the
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discharge current is formed by electron migration. The elec-
trons cover the surface of the dielectric, and a large number of
ions are accumulated in the discharge space. At the falling
edge of the voltage pulse, when the applied voltage potential
is lower than the potential generated by the positive charge
space, some electrons move towards the cathode and form a
reverse current. During the movement, the electrons are
neutralized with some positive ions and the concentration of
positive charges declines in the space reduces.

Because of the different time scales of pulse discharge
and airflow, the airflow cannot directly affect the process of
pulse discharge. The rising time of the pulse discharge takes
place in a few nanoseconds, and the duration of current is in
the tens nanoseconds. For particles, the diffusion and
recombination of neutral and charged particles takes place on
a micro- and millisecond time scale, and the lifetime of the
metastable particles produced by the discharge in short gaps
are thought to have a significant high concentration of some
hundreds of microseconds to milliseconds [8, 15, 32].
Therefore, the airflow could affect the distribution of particles
during the pulse interval times.

When the airflow is applied in the discharge space, the
distribution and movement of particles in the discharge region
could be influenced by the airflow; a schematic of the parti-
cles motion paths is shown in figure 9, and the analysis is as
follows.

According to [5, 8, 33-36], the dominant energy transfer
process is the energetic electrons induce N, molecules to the
electronically excited states. The excitation with electron-N,
molecules have a relatively high cross section and a low exci-
tation energy. N, electronically excited state particles are gener-
ated as the main type of excited particles with high concentration
in discharge area. N, (A3 can be called as metastable particle
with a long-life time during the discharge process [33, 34].
However, the metastable particles could be quenched in air by
oxygen with a constant of 1.7 x 1072 cm®s™! at atmospheric
pressure, the lifetime is on the order of 100 ns [35]. Therefore, for
the pulse interval time of 1ms, most of the metastable particles
would be disappeared, and just a small part of metastable parti-
cles might be transferred to the downstream region during the
pulse interval time of millisecond.

For the charged particles in the discharge space, the
generation and recombination process of charged particles
would be participated in the discharge process. According to
[36, 37], the charged nitrogen particles might be generated by

the following chemical reaction during the discharge process
ey
2

The dissociative recombination reaction might be as
follows:

e+ N, —e+e+Nj,
No(A) + Ny(a') — e + Nj.

e+ NJj = N+N,
e + Nj — NyX, v =0)+ NyX, v = 0).

3)
4

The recombination rate of N, and N, could be calculated
by a=28x 107 x@300/T)"> em®s™! and a=2 x
107 x 300/ Te)'/ 2 em® s, The electron temperature 7, could
be as estimated a few tens electron volt [14]. For the pulse
interval time of lms, the retained ions density might be about
several tens of initial ions density. These charged ions would be
transferred to the downstream discharge region during the pulse
interval time, and these particles might be play a pre-ionization
role to the downstream discharge.

The charged particles move along the airflow direction
mainly under the effect of the drag force of airflow and the
electrostatic force from the surface electrons [15, 16]. According
to the literatures [38—42], during a pulse interval time of
approximately 1ms, the electric field strength between the
surface electrons and the space charged particles is about several
kV em™!, and as shown in [9], when the gas flow applied to the
discharge area, the magnitude of peak density reduced nearly
two orders, and the charged ions density »; under airflow during
the pulse interval time is approximately from 10’ to 10® cm >,
the electric field force Fg of ions can be written as Fg = gnjE
[9, 39, 40]. The estimated electric field force of the charged
particles per unit volume is approximately from several to
dozens of Nm™

In terms of the bulk flow, the conservation of momentum
of the bulk fluid is described by the Navier—Stokes equation:

pd—v = —Vp + uV3¥, (5)

dr
where v is the velocity of the bulk gas, Vp is the pressure
gradient, and p is the gas viscosity, p is the air density. The air
density is approximately 1.29 kgm >, the volume of the dis-
charge area is approximately 5 mm x 30 mm x 70 mm, and
the pressure difference between inlet and outlet is nearly 0.1%
of the atmospheric pressure, so the estimated flow field force F
to the charged particles per unit volume is approximately
hundreds of N m™>, and the flow force is much bigger than the
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electrical field force during the pulse interval time [43]. For the
charged particles in the middle region of the gap, during the
pulse interval time of approximately 1ms, the distance of
charged particles moved along the y-axis is much less than the
gap distance; the estimate calculation illustrates that the ions
could be blown to the downstream area during the pulse
interval time under the coupling force of the airflow and
electric field. Furthermore, the charged particles in space have
different velocities at different regions in the airflow channel.
In the region near the dielectric, the charged particles in space
have a lower velocity because of the drag force in the boundary
layer and the larger electrostatic force from the surface elec-
trons. However, the charged particles in space in the middle
region of the gap have the fastest velocities and the smaller
electrostatic force, and the drag force from the airflow plays a
dominant role compared with the electrostatic force of the
surface electrons. The curved discharge channel under the
low-speed condition also illustrates that the effect of the drag
force from the mainstream area is stronger than the electro-
static force; this phenomenon is also discussed in the litera-
ture [15].

Therefore, both the estimation results and the discharge
phenomenon illustrate that some particles, such as metastable
particles and charged particles, could transmit to the down-
stream discharge area during the pulse interval time; these
particles could play the pre-ionization role to the downstream
discharge, and the downstream discharge intensity is
enhanced.

The discharge states and intensities of the upstream and
downstream discharges under different corresponding factors
were investigated. The experimental results show that when
the PRFs are f = 1 kHz and f = 2 kHz, the enhancing effect
of downstream discharge intensity can be achieved by rea-
sonably matching the airflow velocity. For the condition of
f =200 Hz, most of the particles in space complete the dif-
fusion and recombination process during the pulse interval
time, and the discharge intensity is reduced. Furthermore,
most of the particles generated by the upstream discharge are
blown out of the downstream discharge under the pulse
interval time; the effect of pre-ionization is decreased, and the
enhancement effect of the downstream discharge is not
obvious.

For a fixed pulse frequency f= 1 kHz, by adjusting the
distance between the upstream and downstream regions,
the corresponding matching airflow velocities are different, the
enhancement effect is inconsistent, and the interactions between
airflow and discharge are different. For L = 20 mm, the down-
stream discharge intensity obviously increases when the
matching relation of vy, < v < Vi 1S satisfied. However, when
the distance L = 50 mm, and the matching airflow velocity
range adjusts from vy, = 50ms ! to Vinax = 120ms~!, the
enhancement effect is not obvious, which may be attributed to
two reasons. One is that the upstream discharge intensity
at vy, = 5S0m s ! is lower than that of the conditions
Vimin = 10 ms ! and Vinin = 20 m s~ '; another is that the forced
convection of the airflow is enhanced, and this effect is unfa-
vorable for the enhancement of discharge intensity.

5. Conclusions

In this study, by using a type of discharge device with
upstream and downstream structure, the transport effect of
airflow is studied. The results show that the upstream dis-
charge intensity is decreased, and the downstream discharge
intensity is improved; the interactions between airflow and
discharge were explored, and the corresponding influencing
factors were analyzed.

(1) With increasing airflow velocity, both the upstream and
downstream discharge become more uniform in eyes.
The upstream discharge intensity is weakened, and for
the downstream discharge, the discharge intensity
exhibits an increasing trend under the matching
condition of vy, < vV < Vpax-

(2) The behavior of particles was analyzed. Under the
effect of airflow, by reasonably matching the relation-
ship  Viin < v < Vmax, partticles generated by the
upstream discharge, such as charged and metastable
particles, could be transported to the downstream
discharge region, and play a pre-ionization role to the
downstream discharge, the downstream discharge
intensity is improved. Furthermore, the influences of
PRF f and electrode spacing L; to the downstream
discharge intensity are examined. The results show that
the initial conditions such as pulse frequency and the
distance between electrodes could also affect the
enhancement effect of downstream discharge.
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